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Abstract 
Salinization of fresh groundwater is perhaps the most widespread threat to groundwater 

resources. Therefore, knowledge of the spatial distribution of fresh and saline groundwater and 

the processes that determine evolution of salinity are essential for proper management of 

available potable groundwater reserves. This dissertation contributes towards a better 

understanding of sources of saline/brackish groundwater resources prevailing in lower Shire 

River valley (Malawi). Isotope and major ion data were assessed using complimentary 

approaches, which may prove constructive to others with related targets. Integrated application 

of hierarchical cluster analysis (HCA) and Principal Component Analysis (PCA), allowing the 

incorporation of supplementary variables, proved useful in the resolution of hydro-geochemical 

processes affecting saline and fresh groundwater. Application of conceptual hydro-geochemical 

techniques and analysis of strontium isotopes and stable isotopes of water offered corroborated 

interpretation of geochemical evolution of saline groundwater. An adapted application of a 

combination of diagnostic tools of mixing and end-member mixing analysis (EMMA) 

approaches was subsequently used to check a conceptual model, developed using chemical and 

isotope tracers for the evolution of groundwater chemistry, in relation to saline groundwater. 

Lastly, the possible influence of saline groundwater on dissolved load of potentially toxic minor 

elements was assessed. 

 

At all salinity levels, the major cation composition of groundwater showed buffering with silicate 

mineral assemblages. The fresh groundwater shows influence of silicate weathering leading to 

calcium-magnesium-bicarbonate water type, which evolves into predominantly sodium-

bicarbonate type groundwater through removal of the calcium (and magnesium) via cation-

exchange and carbonate precipitation. The saline groundwater was inferred to result from 

evaporite mineral dissolution, with evaporative concentration playing a role in areas along Shire 

River, where a shallow water table is prevalent. The major cation composition of the saline 

groundwater is modified mainly by mineral equilibria, cation exchange and dilution by mixing 

with fresh groundwater. EMMA provided evidence of a discrete saline end-member implying 

localised sources of contamination of fresh groundwater with saline groundwater, as opposed to 

increase in salinity along the flow-path. One possible cause of such contamination was related to 

the coincidence of fault systems with distinct zones of saline/brackish groundwater. The 
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association of lead (Pb), boron (B), strontium (Sr) and barium (Ba) with the dominant solutes in 

brackish/saline groundwater was attributable to a common source (i.e. associated with 

evaporites) and/or complexing with inorganic ligands and influence of low pH associated with 

the relatively saline groundwater. Flushing with fresh groundwater was concomitant with cation 

exchange (leading to enrichment of sodium (Na) and enrichment of B by desorption from clay 

minerals. 
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1. Introduction 

Groundwater constitutes the largest readily available freshwater reserve (Morris et al., 2003; 

vanLoon and Duffy, 2005) and is a relatively clean, reliable and cost-effective water resource 

(Bovolo et al., 2009) for domestic, industrial and agricultural use. Salinization of water resources 

is one of the most prominent causes of groundwater quality degradation, particularly in arid and 

semi-arid regions (Richter and Kleitler, 1993; Vengosh, 2005). Future exploitation of aquifers in 

many water-scarce regions, such as the arid and semi-arid zones, depends largely on the degree 

and rate of salinization (e.g. Vengosh and Rosenthal, 1994).  

 

Groundwater salinity is commonly described by chloride content or total dissolved solids content 

(TDS). High salinity content in groundwater limits its use for domestic, agricultural and 

industrial applications. Salinization also enhances mobilization of potentially toxic minor 

elements in groundwater, mainly due to formation of metal-chloride complexes (e.g. Sverjensky, 

1986; Giordano, 2000; Plant et al., 2003; Bäckström et al., 2004). In some areas, high saline 

groundwater is associated with high radium activity (Zukin et al., 1987; Krishnaswami et al., 

1991; Moise et al., 2000). Long-term irrigation with water enriched with sodium results in a 

significant reduction of the hydraulic conductivity and hence the fertility of the irrigated soil 

(Richards, 1954). Similarly, the industrial sector demands water of high quality, typically with 

low levels of dissolved salts. 

 

Delineation of the origin of the salinity problem is crucial for model prediction and thus water 

management and remediation (Vengosh, 2005). Proper management of available groundwater 

reserves is impossible without knowledge of the spatial distribution of fresh and saline 

groundwater and the processes that determine the evolution of salinity. Typically, geophysical 

(e.g. electrical and electromagnetic methods) and geochemical methods are used to establish the 

extent and sources of groundwater salinity. Electrical resistance is highly sensitive to the salinity 

of pore-water in the subsurface and is therefore effective in defining fresh and saltwater (e.g. 

Chongo et al., 2011; Zarroca et al., 2011). On the other hand, geochemical methods offer a good 

perspective of geochemical processes affecting groundwater quality, which is essential in 

locating and managing usable water supplies (Herczeg et al., 1991; Bouchaou et al., 2008). 
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However, the multiplicity of sources of salinity, and the influence of geochemical reactions and 

groundwater mixing render a high degree of complexity to the task of identifying the origin of 

groundwater salinity (Richter and Kleitler, 1993; Vengosh, 2005). Assessments of major ion 

chemistry alone are often inconclusive or ambiguous. The integration of geochemical and 

isotopic tracers (e.g. isotopes of H, O, C, S, B, Sr, Nd, Sm, U, Th, Cl and I)  is sometimes 

necessary to resolve sources of components in subsurface waters and the rates of fluid flow (see 

e.g. Sheppard, 1986; Banner et al., 1989, 1990).  

 

As the significance of groundwater resources in the water supply system and the negative effect 

of salinization on their quality are increasingly recognised, the need for sound geochemical 

understanding of occurrence of saline groundwater resources in different settings is of vital 

interest. Both for the scientific community and the many practitioners, dealing with the 

challenges of groundwater management, the major challenge facing hydro-geochemical 

investigations of saline groundwater is the determination of the source of salt (Nordstrom et al, 

1989) and mechanism(s) that redistribute the salt to other locations where it becomes a problem 

(e.g. Gunn and Richardson, 1979; Tickell, 1997). This dissertation aims to contribute to 

alleviating this task through a case study of saline groundwater resources prevalent in a lower 

section of Shire River valley (Malawi), located in the southernmost region of the western section 

of the East African Rift System (Ebinger et al., 1987; Chorowicz, 2005). In the lower section of 

the Shire River valley, exploitation of groundwater resources is of great developmental interest 

because of the region’s potential for irrigated agriculture (Davis, 1969; Lockwood Survey 

Cooperation, 1970; Bradford, 1973; Bath, 1980). Earlier authors have attempted to explain the 

occurrence of saline groundwater (Davis, 1969; Lockwood Survey Cooperation, 1970; Bennet, 

1972; Bradford, 1973; Bath, 1980). However, the origin of the saline groundwater is still not 

fully understood because many of the studies were qualitative, limited by availability of data or 

considered only a small part of the area and thereby had only local applicability. 
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2. Scope and Outline 

The main target of this study is a contribution towards scientific knowledge of source(s), 

mechanism(s) and hydro-geochemical evolution of saline groundwater prevailing in lower Shire 

River valley (Malawi). General emphasis is put on the characterisation, analysis and 

interpretation of hydro-geochemical and isotope data in understanding the progression of 

groundwater salinization processes. The techniques used may be useful to others with a similar 

goal. The main body of the dissertation is a compilation of five journal articles, each covering 

different aspects of saline groundwater assessment. The first two articles concentrate on the 

interpretation of major ions, whereas the third article puts further constraint on the interpretation 

of the causes of the salinity problem using strontium isotopes and the stable isotopes of water. 

The fourth article uses End-Member Mixing Analysis (EMMA) approach to check a conceptual 

model established using chemical and isotope tracers for the evolution of groundwater chemistry, 

in relation to saline groundwater. The last article presents a discussion on the possible influence 

of saline groundwater on dissolved load of potentially toxic minor elements.  

 

The proceeding pages provide an overview of known sources of salty water, processes that 

commonly lead to mixing of saline groundwater with fresh groundwater, thereby deteriorating 

fresh groundwater quality, as well as geochemical techniques employed in elucidation of sources 

of salinity (Section 3).  Section 4 gives the scope of the thesis in more detail. A description of the 

case study area, lower Shire River valley (Malawi) is provided in Section 4.2. The main body of 

the dissertation is the collection of five Articles (Articles I, II, III, IV and V), which are 

summarised in Section 4.3. Lastly, general conclusions are drawn in Section 4.4.   
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3. Overview of Groundwater Salinization 

The term “salinization” is used in this study to indicate an increase in concentrations of specific 

chemical constituents as well as in overall chemical content (Total Dissolved Solids (TDS)) over 

background levels. In general, the discussion of saline groundwater will include brackish 

groundwater and brines. A variety of classifications is applied in the literature to rank water 

resources based on levels of salinity (e.g. Robinove et al., 1958; Davis, 1964; Carpenter et al., 

1974; Carpenter, 1978; Freeze and Cherry, 1979). These classifications differ in number and 

names of classes, values of class limits and the parameters to which class limits are linked (e.g. 

EC, TDS or chloride content). A classification of Freeze and Cherry (1979), which is one of the 

most widely used (Weert et al., 2009), was adopted in this thesis. The classification ranks water 

into four categories as fresh (TDS < 1, 000 mg/L), brackish (1, 000 < TDS ≤ 10, 000 mg/L), 

saline (10,000 < TDS ≤ 100, 000 mg/L), and briny (TDS > 100, 000 mg/L) water (Freeze and 

Cherry, 1979) 

 

In order for salt to become an environmental problem, there needs to be a source of salt, a source 

of water to mobilise the salt and mechanism(s) that redistribute the salt to other locations where 

the salt may constitute an environmental problem (e.g. Tickell, 1997). The focus of this section is 

to provide a condensed overview of sources of salty water and salinisation processes that 

commonly deteriorate fresh groundwater.   

3.1 Sources of salt 

3.1.1 Connate saline groundwater 

The origin of natural saline groundwater in deep crystalline and sedimentary environments can 

be residual (connate) water from the time of deposition in a saline environment (e.g. Frape and 

Fritz, 1982; Hanor, 1994; Bottomley et al., 1994, 1999; Hudak, 2000). Connate (Latin for “born-

with”) fluids are those included in sediment pore spaces at the time of deposition. However, few 

may be truly connate because of chemical alteration and physical migration after deposition 

(Hanor, 1994; Kharaka and Hanor, 2005). Residual brines can be derived from burial or 

infiltration of sub-aerially evaporated marine or continental waters (Rittenhouse, 1967; Carpenter 

et al., 1974; Carpenter, 1978; McCaffrey et al., 1987; Kharaka et al., 1987; Raab and Spiro, 
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1991; Vengosh et al., 1992; Moldovanyi and Walter, 1992; Wilson and Long, 1993; Hanor, 

1994; Vengosh and Rosenthal, 1994; Stein et al., 1997; Marie and Vengosh, 2001). In polar 

areas, residual brines can be derived from freezing of seawater and isolated continental surface 

waters (e.g. Nelson and Thompson, 1954; Richardson, 1976; Matsubaya et al., 1979; Burton, 

1981; Herut et al., 1990; Bein and Arad, 1992; Marison et al., 1999; Bottomley et al., 1999; 

Yaqing et al., 2000). Fluids from such crystalline and sedimentary environments are often 

characterized as Na-Cl, Na-Ca-Cl, Ca-Na-Cl, or Ca-Cl2 brines (Frape et al., 1984; Wilson and 

Long, 1993; Davisson and Criss, 1996). Residual saline water is not found very often within the 

shallow subsurface because of the normal flushing of formation water by precipitation through 

time. Typically, natural salinity in groundwater increases with depth below land surface as 

chemical reactions with aquifer material, resident time, and mixing of different waters increase.  

 

Additionally, the presence of highly concentrated fluids in crystalline rocks has also been 

attributed to dissolution and alteration of Cl-bearing mineral phases (Edmunds et al., 1984), 

leakage of fluid inclusions, hydrothermally driven systems and magnetic fluids (see e.g. Frape et 

al., 2005).  Major sources of chlorine in crystalline rocks include lattice incorporation (e.g. 

chlorine incorporated into the OH- lattice site in amphiboles and phyllosilicates) as well as fluid 

inclusions trapped in numerous phases during crystallization (Edmunds et al., 1984; Frape et al., 

1984; Sie and Frape, 2002; Nordstrom et al., 1989a, b). 

3.1.2 Seawater intrusion 

Seawater intrusion is one of the most widespread and important processes that degrade 

groundwater quality in coastal aquifers (Wicks et al., 1995; Wicks and Herman, 1996; Vengosh 

et al., 2002; Kim et al., 2003; Park et al., 2005). Under natural conditions, flow of groundwater 

in coastal aquifers is towards the sea/ocean because of gravitational flow potentials. A dynamic 

equilibrium exists between seawater and fresh water (Hubbert, 1940; Kohout, 1960; Bear et al., 

1999). Seawater intrusion occurs if the fresh water heads are lower than those of the seawater. 

The reduction in fresh groundwater heads results largely from anthropogenic activities such as 

excessive groundwater abstraction and/or land use changes, which reduces recharge to the fresh 

groundwater system (Jones et al., 1999).   
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In addition to lateral seawater intrusion, seawater may contaminate fresh groundwater aquifers 

because of marine transgressions, incidental flooding and seawater sprays. Sea levels change 

over geological time and coastal lowlands may be flooded by the sea/ocean during the marine 

transgression periods. Fossil seawater that represents past invasions into coastal aquifers is of 

inherent old age, which may be inferred by the 14C and 3H data of the saline water (Sukhija, 

1996; Yechieli et al., 2001; Post et al., 2003). Low-lying coastal plains may also occasionally be 

flooded by seawater during exceptionally high tides. In this case, the flooding occurs on a much 

smaller time scale than during marine transgression period. Lastly, sea-salt aerosols may be 

blown in with heavy winds and be incorporated in groundwater recharge, thus contributing to 

groundwater salinity (e.g. Hanor and Evans, 1988) 

3.1.3 Evaporation at or near land surface 

Evaporation is the most influential process resulting in saline soils (Deverel and Gallanthine, 

1989) and groundwater where there is a shallow water table and a climate with an 

evapotranspiration that exceeds the precipitation (i.e. net negative water balance) (Yechieli and 

Wood, 2002). This is the most commonly reported cause of salinity in closed basins (e.g. 

Sowayan and Allayia, 1989). In closed basins, the brines start out simply as recharge along 

surrounding highlands, which then accrues dissolved solutes through weathering and dissolution 

of readily soluble mineral compounds (e.g. calcite, halite) along flow paths. In addition to a net 

water loss, due to a negative water balance, this results in a general increase in TDS content, 

from low TDS Na-Ca-HCO3 recharge water to high TDS Na-Cl water in topographically low 

discharge areas in the centre of the basins.   

 

Concentration ratios of major chemical constituents are much less uniform in closed-basin brines 

than in most deep-basin brines. Closed-basin brines may be chloride, carbonate, or sulphate 

dominated (Richter and Kleitler, 1993). The variations in chemical constituents arise from 

differences in inflow characteristics and precipitation reactions (Berner and Berner, 2012). 

However, in most instances, increased evaporative concentration results in a trend towards 

chloride dominance until halite saturation is reached (Richter and Kleitler, 1993) and Na-Mg-

SO4-Cl type brines have been reported as a result (Jones et al., 1969; Drever, 1997). 
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3.1.4 Dissolution of naturally occurring soluble minerals 

In sedimentary basins, dissolution of evaporite minerals is a common cause for salinization 

(Herczeg et al., 1991; Nesbitt and Cramer, 1993; McManus and Hanor, 1993; Hanor, 1994; Al-

Ruwaih, 1995; Land, 1997; Rosenthal et al., 1998; Mehta et al., 2000a, b; Love et al., 2000; 

Vengosh et al., 2002). This is because many sedimentary basins contain deposits of rock salt 

(halite) at great depths, although salt diaprism may lead to shallow deposits (see Richter and 

Kleitler, 1993 and references therein). Depending on the depositional history, halite deposits may 

be associated with other salts. These include other chloride salts (e.g. carnallite KMgCl3.6H2O 

or sylvite, KCl), sulphates (e.g. polyhalite [K2Ca2Mg(SO4)4.H2O], anhydrite [CaSO4], gypsum 

[CaSO4.2H2O]), or carbonates (e.g. dolomite [CaMg(CO3)2], or limestone [CaCO3]). These 

salts contribute to the composition and overall salinity of groundwater in contact with halite 

(Richter and Kleitler, 1993; Hanor, 1994; McManus and Hanor, 1988).  

 

The salts (halite or other evaporite deposits) may dissolve in either regional groundwater or local 

recharge (Bennet and Hanor, 1987; Macpherson, 1992).  The resultant brine may then discharge 

at land surface or become part of a fresh groundwater system (Hitchon et al., 1969; Richter and 

Kreitler, 1986; Bray and Hanor, 1990). Discharge of halite-solution brine and further evaporation 

of the salt water at land surface can lead to the development of salt flats, covered by gypsum or 

halite crusts (Richter and Kreitler, 1986). In regional aquifer systems, dissolution of soluble salts 

such gypsum and halite minerals within the aquifer leads to gradual increase in salinity and the 

chemical modification toward predominance of chloride and sodium ions (Herczeg et al., 2001). 

In semi-arid and arid climates, where evaporation rates exceed precipitation by up to one order of 

magnitude, salts may also be concentrated by evapotranspiration in the shallow subsurface. 

Large seasonal pulses of recharge may flush these salts into groundwater (Drever and Smith, 

1978).  

3.1.5 Membrane filtration 

The principle of reverse osmosis membrane ultra-filtration was invoked to explain the origin of 

deep subsurface brines in evaporite-poor sedimentary basins (Richter and Kleitler, 1993; Hanor, 

1994). This process of formation of brines involves hydraulically-driven flow of fluid across 

semi-permeable shale or clay beds (Manheim and Horn, 1968; Graf, 1982). Neutral water 



8 
 

molecules pass through the shales or clays more readily than dissolved ions. This salt filtering is 

a result of electrostatic repulsion of the dissolved ions by electrical double layers around clay 

mineral grains (Hanor, 1994; Kharaka and Hanor, 2005). In this way, the fluids on the influent 

side of a shale membrane become progressively more saline as cross-formational flow and the 

selective filtration of cations and anions continues. This fractionation process often causes brines 

constituting of calcium and chlorides (Hem, 1991). In deep sedimentary basins, layers of clay or 

shale may be so compacted that they behave as semi-permeable membranes (McKelvey and 

Milne, 1962; Bredehoeft et al., 1963; Hanshaw and Hill, 1969; Berry, 1973; Kharaka and Berry, 

1973, 1974, 1980; Marine and Fritz, 1981, Fritz and Marine, 1983; Hanor et al., 1988; Demir, 

1988; Hanor, 1994; Whitworth and Fritz, 1994). 

 

Although the reverse osmosis mechanism has been used to account for sedimentary brines 

(Berry, 1973; Kharaka et al., 1980; Graf, 1982), the importance of membrane filtration in 

modifying the chemical composition of subsurface groundwater is regarded as controversial 

(Hanor, 1987). Firstly, the pressure requirements for significant reverse osmosis may not be 

naturally achievable in geologic environments (Manheim and Horn, 1968).  Secondly, in many 

sedimentary regions, waters of higher salinity are found on the effluent side of these over-

pressured shales and their chemistry is not concordant with that expected from the hyper-

filtration process (e.g. Hanor, 1994).  

3.1.6 Geothermal origin  

Fluid inclusions in minerals of hydrothermal, metamorphic, or igneous origin are commonly very 

saline (see Richter and Kreitler, 1993 and references therein). In regions of prominent igneous 

activity, highly mineralized groundwater may also be produced as a by-product of igneous 

activity. In some cases, these are high in mineral content of individual ions (so called thermo-

mineral waters) as a result of increased mineral reactions at elevated temperatures and pressures 

at large depths from which these waters originate. Hydrothermal groundwater systems may 

transport this highly salinized groundwater to shallower depths and create localized hot and salty 

springs at the surface. In addition to chloride content, thermal water is often enriched with 

sodium, boron, fluoride, arsenic, and other contaminants that present a threat to the associated 

freshwater resources. For example, saline thermal waters have been reported to affect the quality 



9 
 

of local groundwater in western Turkey (Vengosh et al., 2002) and Mexico City (Edmunds et al., 

2002). 

3.1.7 Anthropogenic salinization 

Typical examples of anthropogenic pollutants that contribute to groundwater salinity include 

road salt; domestic, industrial and agricultural effluents; spilled oil and gas field brines and 

brines from desalinisation plants. These anthropogenic contaminants usually result in localized 

salinization of groundwater.  

 

Salinization of water resources from dissolution of salts that are directly applied onto the roads 

for de-icing is common (Howard and Beck, 1993; Richter and Kleitler, 1993; Williams et al., 

1999). In surface waters, this leads to a halocline causing poor mixing of water masses leading to 

anoxic conditions in the bottom of the contaminated lakes. The salinity of domestic wastewater 

is derived from the use of detergents, washing powders and salts (Vengosh et al., 1994). The 

most common procedures for wastewater treatment do not remove the inorganic constituents. In 

water-scarce areas, the treated wastewater is used for irrigation, which can thus affect soil 

salinity (Beltran, 1999; Zalidis et al., 2000) and the composition of underlying groundwater in 

phreatic aquifers (Ronen et al., 1987; Vengosh and Keren, 1996; DeSimone et al., 1997; Stigter 

et al., 1998).  

 

Agricultural activities may cause soil and groundwater salinity through clearing of natural 

vegetation, inflow of saline water in response to heavy abstraction for irrigation and irrigation-

return flow. Irrigation and dryland salinity occur when a saline water table comes close to ground 

level (Jenkin, 1981; Peck and Williamson, 1987; Ruprecht and Schofield, 1991; Pannell and 

Ewing, 2006). Capillary rise transports salts towards the surface where they are concentrated by 

evaporation. The rise in the water table follows a change in the water balance, which may be 

caused by irrigation or replacement of deep-rooted, perennial native vegetation with shallow-

rooted, annual agricultural plants. The added irrigation water and the reduced water consumption 

by the agricultural plants lead to increased groundwater recharge and rising groundwater levels 

(George et al., 1997; Radford et al., 2009). In both dryland and irrigation salinity, a source of 
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salts is necessary for a problem to emerge. The source in most situations is that salt accumulated 

in the unsaturated zone, commonly of geogenic and/or oceanic origin (Schofield, 1992).  

 
The salinity of agricultural return flow depends on (1) the balance between the amount of salt 

entering the soil and the amount removed; (2) the salinity of the soil; (3) the quality of the 

irrigation water source; and (4) application of manure and fertilizers (Hern and Feltz, 1998; 

Bölke, 2002; Vengosh, 2005). As plants consume water, most of the salts stay behind and 

accumulate in the soil, if a net negative water balance exists. The use of other types of marginal 

waters (e.g. brackish waters or treated wastewater) may also affect the composition of the initial 

stage of the agricultural cycle. Long-term application of cattle (e.g. Gooddy et al., 2002; Hao and 

Change, 2002, Harter et al., 2002) and swine manure (e.g. Krapac et al., 2002) as fertilizers and 

soil improvement constitutes an important source of salinity associated with agricultural activity. 

It is assumed that the groundwater salinization because of irrigation is restricted to the first tens 

of meters below the groundwater table (Richter and Kleitler, 1993). The conservative nature of 

salts makes them a long-term hazard. In arid and semi-arid areas, the natural salinity of the soil is 

high and thus flushing with irrigation water may enhance the dissolution of stored salts.  

 

Contamination of groundwater from brines associated with oil and gas production occurs where 

the disposal of the brines allows mixing between brine and fresh water. Disposal methods such 

as surface disposal, unlined surface pits and injection wells have been used widely (Richter and 

Kleitler, 1993). Repeated flushing of salt from soil underlying former disposal pits can affect 

groundwater for long times and in repeated plumes. Contamination from faulty injection wells, 

insufficiently plugged or abandoned boreholes may occur when there is hydraulic connection 

between the oil pool and usable water (Richter and Kleitler, 1993 and references therein).  

 

3.2 Salt distribution mechanism(s)  

Salinisation of many freshwater aquifers occurs by intrusion of underlying or adjacent saline 

groundwater (Magaritz et al., 1984; Maslia and Prowell, 1990; Vengosh et al., 1999, 2002a, b; 

Sanchez-Martos and Pulido Bosch, 1999; Sanchez-Martos et al., 2001; Kloppman et al., 2001; 

Hsissou et al., 1999). Typically, freshwater aquifers overlie deep saline water aquifers, in a 

fragile hydraulic equilibrium established over geological time scales. Natural and anthropogenic 
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factors may cause a breach of the delicate hydrological equilibrium, resulting in migration and/or 

mixing of saline groundwater with fresh groundwater.  

 

Geological structures such as faults, folds and fractures provide flow-paths for migration of 

groundwater within an aquifer system. The permeability of faults depends on the type of faulting 

that has occurred. Reverse or thrust faults are caused by compression resulting in impermeable 

structures. Normal faults occur in tensional environments and form open voids, which enhance 

permeability in relation to the surrounding bedrock (Clarke et al., 2000). Fault zones within an 

aquifer may therefore act as conduits for discharge of deeper saline groundwater that are under 

pressure, creating local point sources of saline water (Avisar et al., 2004). Improper drilling, 

completion, and final construction of wells may also create artificial connections between fresh-

water aquifers and saline-water aquifers. Extraction of groundwater may change direction of 

groundwater flow, causing encroachment of saline water (e.g. seawater intrusion) towards the 

pumped well (e.g. Sproul et al., 1972; Yechieli et al., 1992; Salameh, 1996; Edmunds and 

Droubi, 1998). Where mixing occurs, this mechanism influences the overall groundwater 

chemistry of aquifers within structurally complex catchments. In addition, the entrapment of 

saline fluids in geological units of low hydraulic conductivity (aquitards) that are connected to 

active aquifers may result in advection and diffusion of solute and gradual increase of salinity 

(Hendry and Schwartz, 1988; Herczeg and Edmunds, 2000).  

 

There are numerous known cases worldwide in which upward flow of saline water through fault 

zones is a major pathway for groundwater salinization. In the Upper Floridan aquifer in Georgia, 

USA, faults allow upward leaking of saline groundwater (Sproul et al., 1972; Leve, 1983; Maslia 

and Prowell, 1990; Spechler, 1994). In the Canadian Shield, the source of salinity is attributed to 

deep brines originating from evaporated Palaeozoic seawater, which flow upwards along 

inclined, permeable fault and shear zone systems (McNutt et al., 1990; Gascoyne and Kamineni, 

1993; Gascoyne et al., 1993; Bottomley et al., 1994, 1999; Gascoyne, 2004). Faults and fractures 

provide both vertical and horizontal pathways for migration of basinal brines into a Lower 

Cretaceous aquifer in the Edwards aquifer, Texas (USA). The brines mix with evolved meteoric 

waters and reflect a history of interaction with evaporites and siliclastics (Land and 

Prezbindowski, 1981; MaClay and Small, 1983; Oetting et al., 1996). Similarly, extensive saline 
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plumes in the Ogallala aquifer in the southern High Plains, Texas, USA, are attributed to cross-

formational flow from underlying evaporite units (Mehta et al., 2000a, b). Natural salinization in 

southwest Alabama is also attributed to brine migration along faults, affecting all major aquifers 

in that area (Richter and Kleitler, 1993). Saline plumes formed from uprising of saline 

groundwater are also the major source of salinity in Israel (Weinberger et al., 1992; Kronfeld et 

al., 1993; Weinberger and Rosenthal, 1994; Vengosh et al., 1999; Marie and Vengosh, 2001; 

Avisar et al., 2004). Similarly, the major source of salinity in the Gaza Strip is the natural flow of 

saline groundwater from the eastern part of the aquifer, which is accelerated by overexploitation 

(Vengosh et al., 2002c, 2005; Weinthal et al., 2005). Seawater and the derivatives of seawater 

such as evaporite deposits and sedimentary basin brines are the primary candidates for the 

external (allochthonous) sources of salinity of highly concentrated fluids found in crystalline 

rocks (Nurmi et al., 1988; Smellie and Wikberg, 1991; Fritz and Frape, 1982). The dense 

concentrated solutions may sink into the crystalline rocks (Kelly et al., 1986; Spencer, 1987) and 

may flow laterally from the source through deep fracture systems (Möller et al., 1997; Lodemann 

et al., 1998).  

 

Discharge of saline groundwater on the land surface, through saline (and often geothermal) 

springs, results in the formation of saline playas and gypsum flats or saline seeps (Richter and 

Kreitler, 1993).  Discharge of halite-solution brine and further evaporation of the salt water on 

the land surface can also lead to the development of salt flats, covered in gypsum and halite 

crusts (Richter and Kreitler, 1986). In Australia, structurally controlled seepage zone formation 

has been recognised as an important mechanism leading to dry-land salinity (Engel et al., 1987; 

Knight et al., 1989; McFarlane and George, 1992; Salama et al., 1993b; Jankowski and Acworth, 

1993, 1997; Clarke et al., 1998, 1999, 2000, 2002; Morgan and Jankowski, 2004; Morgan et al., 

2006). The saline seeps forming saline–sodic soils are caused by migration of saline groundwater 

through high hydraulic conductivity zones (such as fault zones), discharging at the surface (see 

Section 3.1.7).  In addition, saline seep formation is also accelerated by dryland farming 

practises. In this case, a saline seepage develops due to additional moisture input associated with 

the change in water balance, which is generally due to the clearing of native vegetation (Peck, 

1978; Jankowski and Acworth, 1993; Salama et al., 1999). 
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In addition to fault zones and dykes, saline seepage zones may also develop in the presence of 

distinctive changes (or breaks) in slopes and permeability contrasts in the aquifer (George et al., 

1997; Clarke et al., 2002). The occurrence of saline seeps at the break of a slope is caused 

primarily by the decline in hydraulic gradient, causing an immediate velocity reduction and 

resultant groundwater build-up forming a groundwater barrier (Miller et al., 1981; Halvorson and 

Black, 1974; Jankowski and Acworth, 1993). Permeability contrasts may manifest in the form of 

a “bedrock-high” or change in aquifer lithology. Seepage of saline groundwater may also occur 

when high permeability overlying sediments become thinner because of high bedrock or where 

there is a change in hydraulic conductivity (or soil permeability) in a shallow aquifer, forcing 

groundwater to the surface (e.g. Doering and Sandoval, 1976;  Sommerfeldt and MacKay, 1982).  

3.3 Controls on major solute composition 

Most saline groundwater aquifers have major ion compositions that cannot be explained by any 

of the major sources of salinity (Stueber and Walter, 1991; Hanor, 1994; Jones et al., 1999; 

Hanor, 2001). This is because the major cation compositions in saline groundwater are modified 

by mineral equilibriums, cation exchange and by conservative- or non-conservative mixing with 

fresh groundwater (Chebotarev, 1955; Yeh, 1980; Clayton et al., 1966; Collins, 1975; Sayles and 

Mangelsdorf, 1977; Nadler et al., 1981; Frape et al., 1984; Edmunds et al., 1984; Appelo and 

Willemsen, 1987; Nesbitt and Cramer, 1993).  

 

Major cation compositions in brines are extensively buffered or influenced by an approach 

toward metastable thermodynamic equilibrium with multiphase silicate-carbonate mineral 

assemblages (DeSitter, 1947; Carpenter and Miller, 1969; Merino, 1975; Nesbitt, 1985; Land et 

al., 1988; Smith and Ehrenberg, 1989; Hutcheon et al., 1993; Hanor, 1994). The major congruent 

and incongruent dissolution and precipitation reactions that modify the major cation 

compositions of formation waters include dolomitization of limestone and albitization of 

plagioclase feldspar. Dolomitization of limestone results in increase of calcium and decrease of 

magnesium, whereas albitization of plagioclase feldspar leads to increase in calcium 

concentrations and corresponding decrease in the concentration of sodium (Kharaka and Hanor, 

2005). Sodium and calcium are the most dominant cations in almost all brines because 

equilibrium conditions between Na-feldspar (albite) and K-feldspar result in sodium dominance 
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over potassium, and equilibrium conditions between calcite and dolomite result in calcium 

dominance over magnesium (Helgeson, 1970). Weathering of detrital feldspars produces 

considerable amounts of chemical constituents such as calcium, potassium, strontium, barium 

and lithium to the solution.  However, potassium is not found in solution in large amounts 

because it is commonly consumed in the formation of authigenic illite and potassium feldspar 

(Carpenter et al., 1974; Kharaka et al., 1987).  In addition, magnesium concentrations in 

formation water may also decrease as a result of diagenetic formation of chlorite, dolomite and 

ankerite (Hower et al., 1976; Boles, 1978). In many sedimentary basins, the transformation of 

smectite to mixed layer smectite–illite to illite with increasing temperature is a major factor in 

the hydro-geochemistry of these basins (Hower et al., 1976; Boles and Franks, 1979; Kharaka 

and Thordsen, 1992). 

 

Typically, cation exchangers in aquifers are clay minerals (especially montmorillonite), organic 

matter, oxyhydroxides, and fine-grained rock materials (Appelo and Postma, 2005). The cation 

exchangers have free negative surface charges that are balanced by cations in a diffuse double 

layer. The cationic composition is in direct proportion to the abundance of cations in the water 

and to the sorption characteristics of the cations and minerals (Vengosh, 2005). Therefore, in a 

fresh water aquifer, the exchangers have mostly Ca2+ adsorbed on their surfaces, whereas Na+ is 

the main cation in a salt-water aquifer (Appelo and Postma, 2005). Magnesium and potassium 

may also be exchanged for sodium, but the Na-Ca exchange is the most significant. When saline 

groundwater intrudes the freshwater aquifer, Na+ (abundant in the saline groundwater) replaces 

part of the Ca2+ in the diffuse double layer of the cation exchanger and the opposite occurs during 

flushing of a saline aquifer with fresh groundwater. Ion exchange of sodium and calcium 

between clay minerals and groundwater therefore controls the relative amounts of sodium and 

calcium in the brine (Nesbitt and Cramer, 1993). The capacity of the exchanger will eventually 

be exhausted so that for e.g. seawater intrusion, the cation exchange effect is commonly noticed 

in recent events and not in old intrusions (Howard and Lloyd, 1983). Seawater intrusion into a 

freshwater coastal aquifer results in a change of solute composition from Na-Cl (seawater 

composition) into Ca-Cl2 type groundwater (Custodio et al., 1993; Vengosh et al., 2002a; 

Appelo and Postma, 2005), whereas aquifer flushing results in the formation of Na-HCO3 type 

of water (Appelo, 1994; Appelo and Postma, 2005). Together with Ca2+, exchangeable Sr2+ is 
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released into the dissolved phase (Johnson and Depaolo, 1994). The 87Sr/86Sr ratio of adsorbed 

strontium can therefore affect the Sr isotopic composition of the saline groundwater, reflecting 

interaction with high 87Sr/86Sr ratio clays (Vengosh et al., 2002a) or mixing between seawater 

and local groundwater (Kim et al., 2003). 

 

Mixing of fresh and saline groundwater may also result in a mixture that is undersaturated with 

respect to calcite, even if both were saturated with respect to calcite (Hanshaw et al., 1971; Back 

et al., 1979; Appelo and Postma, 2005). Therefore, the concentration of calcium and carbonate 

may increase because of calcite dissolution. Additional calcite dissolution may occur in the 

presence of sulphate reduction of organic-rich sediments because of the associated change in the 

pH and CO2 contents of the water (Richter and Kleitler, 1993). Sulphate reduction is the major 

process leading to the relative depletion of sulphate and 34S enrichment (Freeze and Cherry, 

1979; Krouse and Mayer, 2000).  

3.4 Salinity and solubilization of minor elements 

Some minor elements (for example cadmium, lead, mercury, chromium) are potentially toxic and 

long-term intake may cause health problems when they are available in concentrations exceeding 

drinking water guidelines. Increase in salinity influences the load and speciation of minor 

elements in groundwater. This is because of increased availability of inorganic ligands for 

complex formation with the cations (Kharaka et al., 1987; Norrström, 2005), decrease in pH 

(Kharaka and Hanor, 2005), decrease in activity coefficients due to increase in ionic strength 

(Langmuir, 1997; vanLoon and Duff, 2005; Appelo and Postma, 2005) and cation exchange 

(Bäckström et al., 2004; Acosta et al., 2011). The cation exchange effect arises from competition 

of salt derived cations with positively charged minor and trace metal species for sorption sites on 

the solid phase (e.g. Acosta et al., 2011).  

 

Activity coefficients generally decrease with increasing ionic strengths, I, to minimal values 

between ionic strength values (mol kg-1) of 1 ≤ I ≤ 10, before increasing again at higher ionic 

strengths (Appelo and Postma, 2005). The decrease is far greater for multivalent salts than for 

monovalent (Langmuir, 1997). This decrease in activity coefficients (and hence activities) of 

ions leads to their increased solubility. The increase in ion-activity coefficients at elevated ionic 
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strengths results from effects such as decrease in activity and dielectric constant of water and ion 

pairing of electrolyte ions. The decrease in activity and dielectric constant of water is because an 

increasing fraction of water molecules are involved in hydration spheres around ions. This causes 

a proportionate decrease in the concentration of free water molecules in the solution (Langmuir, 

1997).   

 

Complexation also lowers the activity of the “free” aqueous ions in groundwater, thereby 

increasing dissolution and desorption of minor elements. The aqueous complexes of type B and 

borderline metals include metal-chloride, metal-fluoride, metal-bisulfide, and metal organic 

complexes (Sverjensky, 1986; Giordano, 2000; vanLoon and Duffy, 2005). Although the relative 

importance of the complexing agents varies, chloro-complexes are the most important (e.g. 

Taher, 1999; Sadiq and Alam, 1997). In groundwater containing dissolved chloride, metals form 

metal–chloro complexes such as MeCl+, MeCl2
0, MeCl2

- and MeCl4
2- (Giordono and Kharaka, 

1994; Sadiq and Alam, 1997; Taher, 1999; Hanor, 2000; Grassi and Netti, 2000; vanLoon and 

Duffy, 2005; Kharaka and Hanor, 2005). Some of the bisulphide complexes of zinc and lead that 

have been considered to increase solubility of PbS and ZnS include Zn(HS)3
-, Zn(HS)4

2-, 

Pb(HS)3
-, Pb(HS)2

0, and PbS(H2S)2
0 (Kharaka et al., 1987). For strontium, the concentration in 

brines increases roughly exponentially with increasing salinity. Barium concentrations, however, 

are controlled by saturation with respect to barite (Kharaka and Berry, 1974; Hanor, 1994; 

Hanor, 2001; Underwood et al., 2009). 

 

Fluoride exists in groundwater primarily as free fluoride, F-, and cation–fluoride complexes, such 

as NaF0, CaF+, and MgF+ (Richardson and Holland, 1979), with the concentrations limited by the 

solubility of fluorite (CaF2). Fluorite solubility is a complex function of temperature, salinity, 

and major ion chemistry (Richardson and Holland, 1979; Hitchon, 1995). In formation waters, 

there is a link between increased F- concentrations with chloride content (Worden et al., 1999). 

This link may be related to complexation of fluoride with calcium and magnesium at elevated 

salinities, which greatly increases the solubility of fluorite (Richardson and Holland, 1979; 

Munoz et al., 1991; Hitchon, 1995).  
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Clay minerals play a key role in the budget for boron. Removal mechanisms for boron include 

adsorption on ubiquitous clay mineral surfaces at low temperatures (You et al., 1996) and the 

incorporation of boron in exchange for tetrahedral silicon during high-temperature silicate 

diagenesis (Spivack et al., 1987). Adsorption depends on pH because tetrahedral B(OH)4
-, 

prevailing at high pH, is more easily adsorbed than its equilibrium competitor trigonal, planar 

B(OH)3, prevailing at lower pH (pH < 9). Dissolved boron shows no correlation with chloride 

concentration (Kharaka and Hanor, 2005), however, mixing between saline and fresh 

groundwater (salinisation/flushing) affects desorption-adsorption processes for boron (Rowe, 

1999; Ravenscroft and McArthur, 2004; Mather and Porteous, 2001; Pennisi et al., 2006; Majidi 

et al., 2010), which may result in enrichment or depletion of B in groundwater, respectively.  

3.5 Geochemical determination of sources of salinity 

The multiplicity of salinity sources renders a high degree of complexity to the task of identifying 

the origin of groundwater salinization (Richter and Kleitler, 1993; Vengosh, 2005). Assessments 

of temporal and spatial distribution of isotopes (e.g. isotopes of H, O, C, S, B, Sr, Nd, Sm, U, Th, 

Cl and I) provide an important toolbox in establishing sources of groundwater and the rates of 

groundwater flow (see e.g. Sheppard, 1986; Banner et al., 1989, 1990; Rao et al, 2005). Each 

source of salinity has a unique and distinctive chemical and isotopic composition. The 

underlying principle in all geochemical techniques used for tracing salinity sources is the 

supposition that the chemical and isotopic composition (or fingerprint) of the original saline 

source is preserved during the salinization process. However, water-rock interactions may 

modify the original composition of the saline source and therefore mask its identity. 

 

The combined assessment of hydro-geochemical and isotopic tracers provides additional 

information and constraints that are useful in resolving the multiple sources of salinity. A 

collection of different conservative diagnostic chemical and isotopic tracers can distinguish 

between marine sources, such as seawater intrusion, or marine-derived brines, non-marine (e.g. 

evaporite dissolution), and anthropogenic (e.g. sewage effluents, agricultural return flows) 

sources (see Vengosh, 2005).  
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3.5.1 Geochemical tracers 

Permutations of ratios of major and minor constituents such as Br-/Cl-, B/Cl-, Na+/Cl-, I/Cl-, 

Mg2+/Cl-, K+/Cl-, Ca2+/Cl-, SO4
2-/Cl-, Cl-/NO3

- and (Ca2++Mg2+)/SO4
2- may be used to 

distinguish between the major sources of salinity. Successful examples are contained in Saffigna 

and Keeney (1977), Howard and Lloyd (1983), Hill (1986), Richter and Kreitler (1986), Novak 

and Eckstein (1988), Bassett (1990), Vengosh et al. (1991a, b, 1992, 1994), Bassett et al. (1995), 

Edmunds (1996), Palmer and Swihart (1996),  Davis et al. (1998), Vengosh and Pankratov 

(1998), Marie and Vengosh, 2001; Panno et al., 2006 and Alcalá and Custodio (2008). The major 

and minor elements occur in distinct ratios in different sources of salinity (see examples in 

Richter and Kleitler, 1993). However, these ratios work best as tracers when there is minimal 

influence of geochemical reactions (see section 3.3) after mixing of saline groundwater from the 

respective salinity sources and fresh groundwater. They are therefore useful at high chloride 

concentrations (e.g. high salinity content) (Richter and Kleitler, 1993). In other cases, 

constituents such as chloride, bromide, iodide and lithium, which are relatively conservative, are 

commonly used.  

 

Chloride-bromide relationships are commonly applied to distinguish between marine and non-

marine sources of salinity (Carpenter, 1978; Kharaka et al., 1987; Kesler et al., 1996). Chloride 

is preferentially partitioned over bromide into sodium, potassium, and magnesium halogen salts 

during precipitation (Siemann and Schramm, 2000). Therefore, brines formed by the dissolution 

of halite, are associated with low Br/TDS (Rittenhouse, 1967) and Br/Cl ratios (Hanshaw and 

Hill, 1969; Hitchon et al., 1971; Carpenter, 1978; Kharaka et al., 1978, 1987; Worden, 1996). On 

the other hand, brines derived from evaporated seawater are characterized by high Br/Cl 

(Carpenter et al., 1974; Stoessell and Carpenter, 1986; Kharaka et al., 1987; Moldovanyi and 

Walter, 1992). Similarly, an intermediate Br/Cl signature is associated with contributions from 

both sub-aerially produced brines and brines generated by the dissolution of halite (Egeberg and 

Aagaard, 1989). However, incongruent dissolution of halite and other chloride salts (e.g. Na–K–

Mg–Cl mineral assemblages), differential rates of molecular diffusion, and the introduction of 

bromide from organic compounds, may modify Cl-Br relationships in formation waters (Land 

and Prezbindowski, 1981) and therefore complicate the interpretation.  
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3.5.2 Isotope tracers 

The variations in δ11B (Bassett, 1990; Bassett et al., 1995; Palmer and Swihart, 1996; Vengosh et 

al., 1991a, b, 1992, 1994), δ34Ssulfate (Krouse and Mayer, 2000), 36Cl/Cl (Phillips et al., 1986; 

Phillips, 2000; Rao et al, 2005), d18Owater and δ18Owater (Blum and Erel, 2005), and 87Sr/86Sr 

(Bölke and Horan, 2000) are used to distinguish between multiple salinity sources. 87Sr/86Sr 

ratios are used to trace the sources of strontium, weathering processes (see a review by Blum 

and Erel, 2005), flow-paths and mixing of groundwater in a watershed of varied lithological 

composition (Starinsky et al., 1980, 1983; Banner et al., 1989; Armstrong, 1998; Banner and 

Hanson, 1990; Bullen et al., 1996; Vengosh et al., 1999). Strontium isotopes can also be used to 

trace salinization by agricultural return flow (Bölke and Horan, 2000). The use of boron and 

sulphur isotopes in hydro-geochemical studies is related to their reactivity in the hydrological 

system. Boron tends to be adsorbed on clay minerals and oxides, particularly in high saline 

conditions. The lighter boron [10B(OH)-
4] is  preferentially incorporated into adsorption sites, 

whereas the residual dissolved boron [B(OH)3] is enriched in the heavier 11B. The δ34Ssulphate is 

modified by sulphate reduction, since the lighter 32S is preferentially reduced causing the residual 

sulphate to become enriched in 34Ssulphate and 18Osulphate. 

 

The original values of δ18Owater and δ2Hwater of saline sources are usually modified by mixing 

(dilution) with meteoric water (Banner et al., 1989; Hanor, 1994; Bergelson et al., 1999). The 

δD-δ18O relationships are used to calculate mixing relationships between saline and fresh 

groundwater e.g. in case of salt water intrusion (Jones et al., 1999; Yechieli et al., 2001) or 

reflect agricultural return flows (Davisson and Criss, 1993). The stable isotopes of water may 

also be used for investigating the degree of water-rock exchange (Hanor, 1994) and to 

distinguish between remnants of diluted evaporated seawater, formation water and meteoric 

fallout from direct seawater intrusion (Bergelson et al., 1999; Herczeg et al., 2001). They may 

also be used to assess the effect of evaporation on groundwater or finding a water source 

subjected to evaporation, since the groundwater subjected to evaporation is enriched in 18O and 
2H (e.g. Hanor, 1994; Vengosh et al., 1999; Butler, 2007).  
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37Cl is preferentially partitioned into the solid phase during halite precipitation from evaporated 

seawater, therefore δ37Cl of the residual brines and of subsequently precipitated halite should be 

lighter. However, during the last stages of evaporation, preferential incorporation of 35Cl into 

potassium and magnesium salts reverses the fractionation trend, and the residual brine and the 

precipitated salts become isotopically heavier (Eastoe et al., 1999; Banks et al., 2000). Meteoric 

chloride is therefore characterized by a high 36Cl/Cl ratio that is preserved during evaporative 

concentration and recycling of salts via precipitation–dissolution (Phillips, 2000). In contrast, 

other saline sources such as road salts and oilfield brines have significantly lower 36Cl/Cl ratios. 

Similarly, modern meteoric water is expected to have a higher 129I/127I ratio than fossil 

groundwater (Moran et al., 1995, 1999, 2002). This distinction was used to estimate proportions 

of meteoric and subsurface chlorine sources in Jordan Valley and Dead Sea (Paul et al., 1986; 

Magaritz et al., 1990; Yechieli et al., 1996), closed basins in Antarctica (Lyons et al., 1988), 

Lake Magadi of the East African Rift (Phillips, 2000) and the Souss-Massa Basin in Morocco 

(Ekwurzel et al., 2001).  
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4. Summary and Synthesis 

4.1 Data sources 

The articles contributing to this dissertation are based on assessments of isotopes and major and 

minor ion data determined on samples collected from boreholes and shallow hand-dug wells 

used for rural water supply, as well as the two major rivers (see Fig. 1), in Chikhwawa district, 

lower Shire River valley, Malawi. Malawi is situated in South East Africa (see Fig. 1) and lies 

within the western branch of the East African Rift system (EARS) (see Ebinger et al., 1987; Ring 

et al. 1992; Ring and Betzler, 1995; Chorowicz, 2005). The lower Shire River valley occupies 

the southernmost part of the Malawian section of the rift. The samples were analyzed for pH, 

EC, TDS, major solutes (Articles I, II, III, IV and V), the isotopes 87Sr/86Sr, δ18O and δ2H 

(Articles III and IV) and minor elements (Article V) using standard analytical procedures. 

Details of the sampling, sample handling and analytical procedures are given in the Articles I-V.  

 

 
Fig. 1. Map of the study area showing its location in Africa, and the location of sample points 
used in the articles presented in this dissertation  
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4.2 Description of study area 

4.2.1 Topography 

The study area (in the Shire River valley) consists of a flat floodplain and the rift valley 

escarpment (Habgood, 1963). Topography is dominated by Thyolo escarpment, east of Shire 

River, being an expression of the major rift valley fault in the region (Fig. 2). The escarpment 

rises very steeply from 91 m a.s.l. in the valley floor to 1 220 m a.s.l. in the Shire Highlands 

(Habgood, 1963; Bradford, 1973). An undulating topography is encountered on the western side 

of the Shire River, culminating into a line of hills constituting a boundary between the 

watersheds of the Shire and Zambezi Rivers (Fig. 2). In the north, escarpments (Fig. 2) express 

the topography. The plains of the rift valley floor are gently sloping and of very low relief and is 

tilted slightly down towards the river Shire, mainly from west to east (Bradford, 1973).  

 

 

   

 

 
   

Fig. 2. Topography of the study area. 



23 
 

4.2.2 Climate 

Malawi has a tropical climate characterized by well-defined wet and dry seasons. Seasonal 

precipitation patterns are mostly dominated by the north–south migration of the inter-tropical 

convergence zone (ITCZ). The main rain season is from November to April and the dry season is 

from May to October (Fig. 3). The amount of rainfall in the lower section of Shire River valley is 

the lowest and most unreliable in Malawi. Annual rainfall ranges from only 170 to 970 mm, with 

over 90% of rainfall activity during the rainy season (Fig. 3). A common feature is its intensive 

nature over short period (Ngongondo et al., 2011).  

            

 

 

 

 

 

 

 

  
 
Fig.3. Monthly averages of temperature, relative humidity, precipitation and actual 
evapontranspiration (ETa) for two meteorological stations of Nchalo and Ngabu located in the 
study area (period 1971-2008). Shaded areas show range (min and max).  Data from Malawi 
MET Department.  
 
As a consequence of low elevation (see Fig. 2), the temperatures of the lower Shire are among 

the highest in Malawi. Highest monthly mean temperatures are recorded in the period October to 

March (26.7 – 28.9 oC) (see Fig. 3a). The high temperatures also mean very high evaporation 

rates, which considerably diminish the value of the limited rainfall available (Fig. 3). The 
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negative water balance (Figs. 3c and 3d) may lead to accumulation of salts in the soil profile in 

the areas where there is a shallow saline water table, via capillary action. Saline-sodic soils occur 

in some low-lying areas, particularly close to the edge of the Elephant marsh, on the western 

bank (section 4.2.4).  

4.2.3 Geology 

The study area been a zone of geological weakness since pre-Karoo times, resulting in a complex 

fault structure (Fig. 4; see Habgood, 1963; Castaing, 1991; Chapola and Kaphwiyo, 1992). The 

faulting has been most intense during the Jurassic, Cretaceous and Tertiary periods (Dixey, 1941; 

Kaufulu et al., 1981). Tertiary faulting is associated with the development of the southern portion 

of the Malawi Rift, a prominent topographic feature in the Shire valley. The faults lie in a NW-

SE direction (Habgood, 1963; Tiercelin et al., 1988; Castaing, 1991; Chapola and Kaphwiyo, 

1992). The flow direction of the Shire River tends to follow the fault trends.  

 
Fig. 4. Major structures of Shire river valley area (see Habgood, 1963; Castaing, 1991; Chapola and 
Kaphwiyo, 1992) 
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Precambrian to Lower Palaeozoic metamorphic and crystalline igneous rocks constitute most of 

the basement in Africa, and underlie much of Malawi including the study area (Chilton and 

Smith-Carington, 1984). The Malawi basement complex is assigned to either amphibolite or 

granulite facies (Habgood, 1963; Carter and Bennet, 1973; Morel, 1989). In the study area, 

charnockitic gneisses and granulites (and the alluvium/colluviums derived from them) dominate 

the geology on the eastern flank of the Shire River (Habgood, 1963; Carter and Bennet, 1973; 

Fig. 5). The western side mainly consists of the northeastern part of the Shire-Zambezi Karoo 

outcrop, underlain by hornblende and hornblende-biotite-gneisses of the Malawi basement 

complex, and overlain in parts by Cretaceous Lupata sandstones and stretches of colluviums and 

river alluvium (Habgood, 1963). 

 

Sedimentary rocks of the Karoo system found in the area (Fig. 5) include Coal Shales, Lower 

and Upper Sandstones, Mwanza Grits and Shales, as well as Red Beds (see Habgood, 1963; 

Castaing, 1991).  Some of the Red Beds appear to have been deposited in a sub-aerial 

environment at a time of low relief, and others in shallow pools of high salinity (Habgood, 

1963). The Karoo rocks are down-faulted against the basement complex along Mwanza fault (see 

Fig. 4 for location of Mwanza fault) and they are cut by numerous minor faults as well as a few 

larger ones (Castaing, 1991). Hydrothermal calcareous siliceous fault rocks are associated with 

the Karoo boundary faults and with all major and many of minor fractures in the area (Habgood, 

1963).   

 

Deposition of sedimentary rocks of the Karoo system was followed by a period of volcanic 

activity in the late Karoo age, leading to eruption of basaltic lava flows (Fig. 5).  The volcanic 

activities increased during Upper Jurassic to Lower Cretaceous (Habgood, 1963; Dill and 

Ludwig, 2008). The basalts are mostly holocrystalline rocks containing largely augite and 

labradorite (Habgood, 1963). A swarm of dolerite dykes and sills, associated with the Stormberg 

volcanicity, intrude Basement Complex rocks striking northeast from the Mwanza fault 

(Habgood, 1963; Carter and Bennett, 1973). Dykes and sills are also intruded along most of 

major faults and are most common in the Coal Shales and Lower Sandstones (Habgood, 1963). 

Due to renewal of movement along the containing faults, the dykes have been crushed and 



26 
 

jointed. The dolerites are labradorite-pyroxene with varying stages of soda metasomatism from 

fresh dolerite to albitised-diabase (Habgood, 1963; Carter and Bennett, 1973).  

 

 

 

 
a)    Grits and sandstones 
b)    Grits, sandstones, calcareous shales 

and marls 
c)    Coal shales and sandstones 

 
a)   Hornblende-biotite gneiss 
b)  Charnockitic gneisses and glanulities 

 

 

 

Fig. 5.  Exposed geological features of the study area (adapted from Habgood, 1963).  

 

The middle Jurassic to Cretaceous was a transition period between the Karoo rifting and the 

formation of recent East African Rift System (Castaing, 1991). The Karoo rocks were succeeded 

in southern Malawi by the emplacement of alkaline igneous rocks represented in the study area 

by Salambidwe Complex, consisting of mostly of syenite (see Fig. 5). Early Cretaceous Lupata 

sandstones overlie the Karoo formation unconformably and consist of a succession of pebbly 

conglomerates, coarse sandstones, sandy shales and marls, all fairly calcareous. The outcrop of 

the sandstones gives rise to dry infertile soils, which frequently supports a vegetation 

characteristic for areas with saline groundwater (Habgood, 1963). Apart from the outcrop shown 

in Fig. 5, there are exposures in the valley colluviums (Habgood, 1963).  
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Unconsolidated superficial deposits are widespread in the Shire Valley. River alluvium, mainly 

sand and silt, is found on the banks of the Shire and other large rivers. Most of the valley 

infilling is of the nature of pedisediment deposits resulting from downhill movement of masses 

of debris carried by gravity, rainwash and stream action in the course of pediplanation. The infill 

consists of alluvial deposits, layered buff silts, sands, loams and clays, with mineral assemblage 

similar to that of the parent material (Habgood, 1963).  

4.2.4 Soils 

The soils in the valley can be placed into a broad land-system classification (Lockwood Survey 

Corporation, 1970; Bradford, 1973): flood plain, marsh, drift plain, makande plain and uplands 

(Fig. 6). The flood plain is composed of complex stratified alluvium with varying proportions of 

sandy and heavy grey-black clays soils. Much of the flood plain is inundated annually and the 

bulk of the Elephant marsh (see Fig. 1 for location of the marsh) is flooded throughout the year. 

Most of the floodplain and higher lying areas in the marshes are cultivated intensively in the dry 

season.  

 

The Makande plain is composed of colluvial brown clays and clay loams derived largely from 

the basalt hills. Vertisols are a dominant feature of the plain, with lithormophic and topomorphic 

vertisols being present on sloping ridges and floodplains, respectively (Fig. 6). The clay fraction 

of these soils is dominated by montmorillonite. Lime accumulations are found in the sub-soils of 

the most fine textured soils and vertisols. The drift plain comprises grey-brown alluvium and 

usually fine sandy loams over sands. The clay fraction is mainly illitic with increasing 

proportions of montmorillonite. Medium textured soils are often compact, with significant 

amounts of exchangeable sodium (Shire Valley Agricultural Development Project, 1975; 

Lowole, 1985).  The Upland areas mainly contain shallow, coarse, sandy loams (lithols), while 

lithomorphic vertisols have developed in some parts of the basalt and sandstone hills. In the 

northern part of the region with Lupata sandstones, the soils are generally sandy with slightly 

weathered grey brown earths. More strongly weathered ferrallitic soils occur on the gently 

undulating plains on the northwest part of the area 
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On the western bank of Shire River, strongly saline and sodic conditions occur in some low-lying 

areas where saline groundwater rises close to the surface, particularly close to the edge of the 

Elephant marsh (Fig. 6). The soils in these areas are fine textured and it is thought that salts are 

transported to the soil surface by capillary transport from a salt laden water table and then 

accumulate due to evaporation.  

 

 

 

 

 

MAKANDE PLAIN 

 

UPLANDS 

 
DRIFT PLAIN 

 
FLOOD PLAIN AND MARSH 

 
Fig. 6. Classification of soils of the study area (Adapted from Shire Valley Agricultural 
Development Project, 1975).  The photo is a picture of saline-sodic soils showing salt crusts on 
the surface. 
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4.2.5 Hydrogeology 

The main aquifer units, in order of increasing importance as groundwater resources, are: (1) the 

weathered and/or fractured basement rocks, (2) Karoo and Cretaceous sedimentary rocks, (3) 

weathered and/or fractured basalts and (4) the unconsolidated alluvial deposits (Bradford, 1973). 

In all these aquifer units, primary porosity is affected by cementation, mainly by iron stained 

crystalline calcite (Habgood, 1963; Bradford, 1973). Most aquifers are lenticular in shape and of 

limited areal extent. However, there is partial hydraulic continuity between water in the 

weathered bedrock at the valley slopes and water in the alluvium in the valley plane (Bradford, 

1973).  

 

The hydraulic gradient reflects topography and permeability. In general, the piezometric 

contours indicate a regime of groundwater flow towards the central axis of the valley i.e. towards 

Shire River (Bradford, 1973; Sehatzadeh, 2011; Fig. 7). To some extent, the piezometric surface 

reflects the underlying faults such as the Mwanza fault (Fig. 7). In localized areas, particularly 

along the western bank, there may be variable piezometric surfaces over a short distance, within 

a sequence of alternating clay and sand deposits. Non-flowing leaky confined conditions with 

upward leakage occur over most of the area, although unconfined conditions occur in others 

(Bradford, 1973). Seasonal fluctuations of groundwater levels are directly related to the variation 

in the value of recharge and are in the range of 1 to 3.5 m and 1 to 3 m for weathered basement 

and alluvial aquifers, respectively (Chilton and Smith-Carington 1984; Mandeville and Batchelor 

1990; Sehatzadeh, 2011). 

 

Low magnitude thermal springs occur along north-west trending faults in the upland Basement 

Complex area and in particular along the Mwanza Fault, representing the most recent stages of 

the Cretaceous hydrothermal activity (Cooper and Bloomfield, 1961). Aquifers in the 

consolidated Karoo and Cretaceous sedimentary rocks are anisotropic leading to irregular 

groundwater distribution (Bradford, 1973). In the area of the Karoo carbonaceous shales the 

groundwater is commonly non-potable due to perennial brackish water (Bradford, 1973).  In the 

basalt, most of the boreholes tap a thick zone of weathered basalt. The basalts are also thought to 

be in continuity with the overlying pedisediments and that water moves upwards from the basalt 

(Bradford, 1973) into the overlying sediments. 
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Fig. 7.  Contours of hydraulic head (m.a.s.l). The interval between contour lines is 20 m for 
heads from 60 to 200 m.a.s.l. and 100m for heads higher than200 m.a.s.l. Adapted from 
Sehatzadeh (2011). The hydraulic head countours are an output of Processing MODFLOW 5.3.1 
(PMWIN) simulations (see Sehatzadeh, 2011).  
 

The hydraulic characteristics of aquifers in the unconsolidated aquifers are influenced by the 

source and type of aquifer material and their position in the valley. In the eastern and 

southwestern parts of the valley, an extensive aquifer area with coarse-grained but often poorly 

sorted material is associated with alluvial fans derived from adjacent metamorphic rock. 

Sedimentary rocks along the western bank have given rise to finer grained aquifers. Water is 

usually struck at less that 15m depth within 1.5 km of the outcrop along the western and south-

western areas. Along the Elephant marsh, water may be struck within 3-6 m of the surface 

(Bradford, 1973). Undulations in the underlying bedrock cause variations in the total thickness of 

the unconsolidated deposits.  Since adequate water supply for domestic purposes can be obtained 

at depths of less than 50 m, the full thickness of the alluvium has not yet been ascertained 

(Bradford, 1973). 
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4.3 Results and discussion 
In this section, major findings are discussed as a summary of the articles I-V 

 

4.3.1 Major ion geochemistry (Articles I and II) 

High salinity in groundwater can be expressed in terms of total dissolved solids (TDS) or by the 

concentration of the individual major ions, usually chloride. Although the concentrations of 

major ions in the groundwater offer the first interpretation on the origin of salinity, the number of 

samples and chemical parameters required for hydro-geochemical studies often complicates 

interpretation of major ion data. In addition, most saline groundwater has major ion composition 

that cannot be simply explained by any one of the known major sources of salinity due to 

geochemical reactions and non-conservative groundwater mixing (Stueber and Walter, 1991; 

Hanor, 1994; Jones et al., 1999; Hanor, 2001). The first two articles (Articles I and II) use 

different (but complimentary) techniques to interpret major ion data in order to constrain the 

sources of groundwater salinity and the geochemical evolution of groundwater. Article I 

incorporates Hierarchical Cluster Analysis (HCA) and Principal Component Analysis (PCA) on 

the developed data matrix to group the groundwater samples and relate correlations between 

chemical parameters to the clusters of groundwater samples, respectively. Deduction of 

empirical relationships between chemical parameters in relation to groups of samples and their 

location simplified the induction of conceptual processes and thereby assessment of major 

sources of salinity and main geochemical processes governing the evolution of groundwater 

chemistry.  Article II extends the analysis in Article I by using more conceptual hydro-

geochemical techniques. 

 

Article I 

Major ion chemistry and salinity of groundwater in the study area vary widely over small spatial 

scales (Article I, Fig. 4), making the determination of hydro-geochemical processes very 

complex. A regional hydro-geochemical study is intrinsically a multivariate problem because of 

a large number of sampling sites (observations) along with a large number of chemical 

parameters (variables). In Article I, HCA and PCA were used to group the groundwater samples 

and relate correlations between chemical parameters to the clusters of groundwater samples, 

respectively. PCA simplifies the interpretation of complex multivariate datasets by identifying 
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the principal components (dimensions) that describe the greatest amount of the total variance of 

the dataset (Davis, 2002).  The PCA was implemented using FactoMineR (Factor analysis and 

data Mining with R) package, allowing the use of quantitative and categorical variables, as well 

as supplementary individuals and variables (Lê et al., 2008; Husson et al., 2009). EC (a measure 

of groundwater salinity) was a quantitative supplementary variable, whilst the clusters produced 

by the HCA were qualitative supplementary variables (categorical). In this way, it was possible 

to ascertain the variables (chemical parameters) and individuals (observations) that are 

associated with high salinity in a more direct fashion.  

 

Groundwater samples were successfully clustered into three groups based on their co-variation in 

chemistry, composition and their salinity content (Article I, Fig. 6a). Samples in a low salinity 

cluster had a composition characterised by mixed cation-bicarbonate type water, whereas 

sodium-bicarbonate and sodium-chloride water types were the dominant composition in the 

immediate and high salinity clusters, respectively (Article I, Figs. 6b and 6c). In general, with 

the exception of selected areas of high salinity scattered in the valley, the spatial distribution of 

the clusters indicates groundwater chemical evolution from the low salinity cluster to high 

salinity cluster (Article I, Fig. 4).  

 

In summary, results obtained from the PCA showed that the main variation in the dataset was 

dominated by variations in salinity (represented by EC). Parameter loading along the main 

principal component in the PCA and correlation analysis indicated that high salinity was 

associated with high concentrations of mainly Na+, Cl- and SO4
2- (Article I, Table 2). The high 

salinity cluster was spatially associated with low-lying areas along Shire River and isolated areas 

associated with Cretaceous and Karoo sedimentary formations (Article I, Fig. 4). Strong 

correlations were obtained for HCO3
- and SiO2 along a dimension associated with the low 

salinity cluster, whereas, Ca2+ (and Mg2+) exhibited negative correlations with Na+ and HCO3
- 

along the dimension associated with the intermediate salinity cluster (Article I, Fig. 7). Further 

analysis of these patterns and correlation analysis, together with available geological and 

hydrogeological data, suggests that the chemistry of groundwater in the high salinity cluster 

originates from dissolution of gypsiferous and halite evaporite minerals associated with 

Cretaceous and Karoo sedimentary formations, with which the high salinity cluster samples have 
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spatial coherence. However, for samples located close to marshes along Shire River, where there 

is a shallow water table and patches of saline and sodic soils, evaporative concentration also 

plays a significant role. As regards the low salinity cluster, the chemistry of groundwater was 

mainly influenced by weathering of silicate minerals. In turn, the intermediate salinity cluster 

evolves from the low salinity cluster by removal of alkaline earths through processes such as 

cation-exchange and carbonate precipitation. In addition, mixing with groundwater from the high 

salinity cluster increases the total dissolved solids content of samples in the intermediate cluster 

over those in the low salinity cluster.  

 

Article II 

Article II employs more conceptually based hydro-geochemical assessment techniques and 

models to assess the more empirical findings of Article I. The use of stability diagrams showed 

stability within the montmorillonite field, which is consistent with the montmorillonite and illitic 

clays found in the study area (Article II, Fig. 4). This suggests that major cation composition of 

groundwater is buffered or influenced by an approach towards equilibrium with silicate mineral 

assemblages, irrespective of salinity content. More importantly, it suggests that the groundwater 

was affected by natural salinisation. Saline groundwater in its natural environment tends to 

reflect conditions of chemical equilibrium more closely than artificially induced mixtures of 

fresh water and saline water (Richter and Kleitler, 1993). A consideration of the clusters obtained 

in Article I showed that groundwater samples could be divided into groups based on their 

hydrochemistry and salinity. Similarly, in Article II, groundwater samples were clustered into 

three groups, in keeping with the groups obtained by the HCA in Article I, based on their 

hydrochemical water types (Article II, Fig. 2).  

 

The intermediate salinity group was generally distributed down-flow of the low salinity group, 

which permitted the application of inverse geochemical modelling between the two groups (e.g. 

Güler and Thyne, 2004), using PHREEQC (Parkhurst and Appelo, 1999), in order to ascertain 

hydro-geochemical process involved in the evolution of groundwater between the two groups.  In 

consideration of the differences in geological formations across the study area, samples were 

treated separately in their associated formations. Inverse geochemical models were also 

considered for two hypothetical flow-paths, representing chemical evolution of low and 
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intermediate salinity groups along flow-path. In general, upon changing from the low salinity 

group to the intermediate salinity group there is a slight decrease in Mg2+ and Ca2+ along the 

flow-paths, which is accompanied by a slight increase in Na+ (Article II, Fig. 10). The inverse 

geochemical models and analysis of trends in major ion and selected major ion ratios 

corroborated the inference deduced from the HCA and PCA in Article I. The chemistry of the 

low salinity group is mainly influenced by weathering of plagioclase and ferromagnesian 

minerals. Cation exchange enriches Na+ relative to Ca2+ and Mg2+ for the samples in the 

immediate salinity group. In addition, weathering of biotite and hornblende (in the semi-pelitic 

gneisses), labradorite and pyroxene (basalts) prevents decrease in Ca2+ and Mg2+, which is 

commensurate to the gain in sodium. Some Ca2+ and Mg2+ ions are also removed from solution 

by formation of Ca/Mg-montmorillonite and carbonates (Article II, Table 3). The hydro-

geochemical evolution is consistent with diagenetic features in the area. In the study area, rock 

forming minerals show varying levels of alteration, calcium carbonate concretions are present in 

sub-soils of most of the fine textured soils, and there are abundant montmorillonite and illitic 

clays with high cation exchange capacity and exchangeable Na+ content (Habgood, 1963; 

Lockwood survey corporation, 1970; Lowole, 1985).  

  

The spatial distribution of salinity and molar Na+/Cl- and (Ca2+ + Mg2+)/SO4
2- ratios around 

unity (Article II, Figs. 11a, 11b) suggest that evaporite mineral dissolution is a plausible origin 

of salinity associated with Cretaceous and Karoo sedimentary formations. In addition, 

evaporative concentration may play a role along Shire River, where shallow water table is 

present, due to a negative water balance. However, the major ion composition of most saline 

groundwater samples is deviant to that expected from evaporite mineral dissolution alone. The 

major cation composition in the saline groundwater is modified by water-rock interactions, such 

as mineral equilibriums and cation exchange (Article II, Fig. 11c), and dilution by mixing with 

fresh groundwater. Detailed analysis of spatial distribution of salinity linked with available 

information on geological structures revealed coincidence of fault systems with the areas of 

saline/brackish groundwater. It was therefore hypothesized that the sporadic distribution of 

salinity may be a manifestation of selective intrusion at specific locations of highly mineralized 

groundwater from deeper aquifers in the sedimentary Karoo (e.g. Red beds and carboniferous 
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shales) and Cretaceous formation through the faults. The lateral spread of saline groundwater is 

controlled by factors such as pressure gradients and permeability distribution.  

4.3.2 87Sr/86Sr, δ18O and δD isotope geochemistry (Articles III and IV) 

Articles III and IV integrate a collection of conservative diagnostic geochemical and isotope 

(87Sr/86Sr, δ18O and δD) tracers to offer a useful resolution of the multiple sources of salinity. 

Article III assesses geochemical processes governing the spatial patterns associated with 
87Sr/86Sr, δ18O and δD isotopes in the study area. Importantly, the article explores the utility of 
87Sr/86Sr, δ18O and δD isotopes along with geochemical data to put more constraints on the 

identification of sources and evolution of salinity. Article IV builds on the results of article III 

and presents an adapted combination of diagnostic tools of mixing (Hooper, 2003) and an end-

member mixing analysis (EMMA) approach (Christophersen et al. 1990; Christophersen and 

Hooper, 1992). It assesses a hypothesis that geochemical and isotope signatures of the brackish 

groundwater result largely from distinct sources of input or end-members, and their groundwater 

mixtures thereof. 

 

Article III 

In Article III, geochemical and isotope tracers are integrated to provide a useful resolution of the 

sources of salinity. 87Sr/86Sr, δ18O, δD, strontium and major ions were determined in samples 

from borehole, shallow hand dug wells, Shire River and one of its tributaries. In general, 

strontium concentrations were well correlated with salinity and decreased along flow path 

towards the Shire River. On the other hand, 87Sr/86Sr values increased towards Shire River, with 

the least radiogenic groundwater associated with the Cretaceous Lupata sandstones (Article III, 

Fig. 7). However, high strontium concentrations were limited to relatively high salinity samples 

associated with the Cretaceous formation (Article III, Figs. 7 and 8a), implying that there is 

saline groundwater, associated with this formation, contaminating the fresh groundwater. The 

groundwater with relatively high salinity had relatively low Sr2+/Cl- molar ratios (Article III, 

Fig. 8b), high strontium concentrations and low values of 87Sr/86Sr overlapping those of modern 

seawater (Article III, Fig. 12), implying that the saline groundwater acquires strontium from a 

non-radiogenic source, such as evaporites. The relatively low salinity samples had high Sr2+/Cl- 

molar ratios, which together with the general increase in 87Sr/86Sr ratios along flow path (Article 
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III, Figs. 7 and 8a) reflected changes in aquifer mineralogy and hence the weathering of silicate 

minerals containing more radiogenic strontium. The roles of evaporite mineral dissolution and 

silicate weathering were also asserted through the application of PCA on the isotopic and major 

ion data (Article III, Fig. 9).  

 

Shallow groundwater samples (taken within 1 m depth) collected along Shire River and surface 

water samples were relatively more enriched in δ18O and δD (Article III, Fig. 6). This 

enrichment in heavy isotopes of water was attributable to evaporation. This assertion was also 

corroborated by results of PCA applied to the isotope and major ion data and a model simulating 

evaporation via Rayleigh distillation. The δ18O-δD relationships revealed that some groundwater 

samples (mostly with relatively low salinity) were of meteoric origin, whereas other groundwater 

samples showed influence of processes such as evaporation within the unsaturated zone during 

recharge or mixing with an evaporated source (Article III, Fig. 6).  

 

Three end-members, representing fresh groundwater, saline groundwater and effect of 

evaporation, were identified to envelope all the data based on mixing diagrams (Article III, 

Figs. 10 and 11) and a PCA plot utilising major ion and isotopic composition (Article III, Fig. 

9). Conservative mixing models showed that the chemical composition of brackish groundwater 

could be explained by mixing of these three end-members (Article III, Figs. 14 and 15). For 

groundwater samples with relatively low salinity, conservative mixing models indicated 

influence of evaporation (e.g. mixing with evaporated recharge) and fresh groundwater only 

(Article III, Fig. 15). However, conservative behaviour was more apparent with δ18O and δD 

than with strontium isotopes, which were shown to be modified by mineral-water interaction 

(Article III, Fig. 13) using a conservative mineral dissolution model (Banner et al., 1989; Uliana 

et al., 2007). 

 

Groundwater mixing (Article IV) 

The analysis presented in Article III and the apparent extreme variation in chemical composition 

over short distances (Articles I and II) suggest that mixing processes play a role in determining 

groundwater chemistry, especially that of brackish groundwater. EMMA is typically used to 

identify the main water sources within catchments that contribute to stream flow, on the premise 
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that the chemistry of stream water is the product of conservative mixing of discrete ‘‘sources’’ 

within catchment that have extreme solute concentrations (fingerprint) in comparison to the 

stream water, hence called end-members. The EMMA approach is implemented using an 

“inverse” or “forward” analysis. In the "inverse" analysis, the number and composition of the 

source components are sought from the mixture. The "forward" analysis evaluates the ability of 

potential source components (such as soil and groundwater solutions), obtained from 

independent data, to reproduce the stream water chemistry using a constrained least squares 

solution (Christophersen et al., 1990; Hooper et al., 1990; Christophersen and Hooper, 1992; 

Mulholland et al., 1990; Hangen et al., 2001; Scanlon et al., 2001). Diagnostic tools for mixing 

models (Hooper, 2003) afford an alternative approach for the “inverse analysis” in which 

eigenvector and residual analysis of observed stream water chemistry is used to estimate the 

number of contributing end-members and conservative tracers for EMMA (Hooper, 2003; James 

and Roulet, 2006; Liu et al., 2008; Ali et al., 2010). 

 

In Article IV, a combination of the diagnostic tools of mixing and the EMMA approach were 

adapted to test a hypothesis that major ionic and isotopic signatures of the brackish groundwater 

result largely from distinct sources of input or end-members, and the groundwater mixtures 

thereof. Chemical and isotopic parameters were selected to be used as conservative tracers in 

EMMA based on their conceptual consistency with the conservative mixing hypothesis. 

Conservative mixing of water with distinct chemical signatures is a linear process (Hooper, 

2003).  Chemical (EC, Cl-, Na+ and Sr2+) and isotopic (δ18O and δD) parameters were identified 

as conservative tracers for use in EMMA using a combined analysis of mixing diagrams (Article 

IV, Fig. 9), linear trends between observed parameters (Article IV, Fig. 7) and the diagnostic 

tools of mixing models (Article IV, Figs. 5, 6 and 8). The diagnostic tools of mixing were also 

used to estimate the dimensionality of the ground- and surface water chemistry dataset. The 

EMMA approach was then used to determine possible end-members and proportional 

contribution of the end-members to groundwater chemistry. End-members were chosen if they 

exhibited distinct solute concentrations (Article IV, Fig. 10) and enveloped groundwater 

chemistry in the mixing diagrams and U-space (Article IV, Fig. 11). The orthogonal (U-space) 

projections of groundwater samples and end-members were used to solve for proportions of end-
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members contributions to groundwater chemistry using mass balance calculations (see Liu et al., 

2004; 2008). 

 

The diagnostic tools of mixing models applied on the selected conservative tracers indicated a 

rank of 2 for the dataset (Article IV, Table 2) and therefore the possibility of using three end-

members to reproduce the groundwater chemistry. Three end-members representing saline and 

fresh groundwater and a possible influence of evaporation were distinguished (Article IV, Fig. 

11). The δ18O – δD relationships of both the saline and fresh groundwater end-members suggest 

meteoric origin, with the fresh groundwater end-member resembling that of locally generated 

groundwater. On the other hand, 87Sr/86Sr- Sr relationships (Article IV, Fig. 14) suggested that 

saline groundwater end-member is associated with evaporite mineral dissolution. The EMMA 

solutions were evaluated by reproducing concentrations of all conservative tracers using the 

EMMA model and comparing them to the measured values. The trends in EC, Cl-, Na+, δ18O and 

δ2H were reasonably well reproduced, whereas there was more scatter in the trend for strontium 

(Article IV, Fig. 13), which was attributed to non-conservative behaviour arising from water–

rock interaction such as silicate weathering and cation exchange (see Articles I-III). 

 

The general agreement between chemistry of groundwater samples computed from the end-

member mixing model with observed values, suggested that the original hypothesis is physically 

possible. Mixing of high saline groundwater with fresh groundwater and effects of evaporation 

thus offer a plausible explanation for the salinity content of brackish groundwater in the study 

area (Article IV, Fig. 12). In addition, evidence of a discrete saline end-member implied the 

presence of an anomalous group of groundwater samples with high salinity content, which 

contaminate the fresh (background) groundwater. If groundwater chemistry were dominated by 

water-rock chemical interactions (which are equilibrium reactions), the groundwater chemistry 

would not be explained with a set of linear equations because multivalent ions involve 

polynomial processes. This is a mathematical necessity since the number of charges serves as 

power of ionic concentrations in the equilibrium constant equation. 

 

The presence of a group of groundwater samples with anomalously high salinity was also 

indicated by cumulative probability distributions (CPD) for TDS and the major ions in saline 
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water (Na+, Cl- and SO4
2-). The CPD plots allowed division of the dataset into three populations: 

one with high concentrations (anomalous), one with low concentrations (background) and one in 

the middle characterized by a mixture of the two extreme populations (e.g. Sinclair, 1974; Park 

et al., 2005, Koh et al., 2009). The membership of the group with high TDS content was 

exclusively composed of samples found in the saline zones (Article IV, Fig. 3). The CPD 

analysis and EMMA therefore offered complimentary results, as the existence of an end-member 

representing saline groundwater implied the presence of an extreme group of groundwater 

samples with anomalously high salinity content. The spatial association of the zones of high 

salinity with major faults and the Karoo and Cretaceous sedimentary formations (Article IV, 

Fig. 2) supported the proposition that a possible source of the anomalous group of groundwater 

samples (comprising the saline end-member) is selective intrusion of mineralised water, probably 

from the sedimentary Karoo (e.g. Red Beds and carboniferous shales) and Cretaceous Lupata 

formation through faults. 

4.3.3 Minor element geochemistry (Article V) 

High salinity influences the content and hydro-geochemistry of minor elements in groundwater 

by providing high concentration of ligands for complexation with the cations (Kharaka et al., 

1987). Some minor elements (e.g. Pb, Cd, Cr) are potentially toxic and when found in 

concentrations exceeding drinking water guidelines, long term intake may cause health 

problems. Article V provides concentration levels of selected minor elements in groundwater 

from the study area, and more importantly, evaluates the hydro-geochemical processes that 

govern the content of the potentially toxic minor elements in the groundwater in relation to the 

prevailing salinity. Dominant chemical species of the minor elements were calculated using 

PHREEQC (Parkhurst and Appelo, 1999), taking into account the most abundant inorganic 

ligands in water (OH-, Cl-, SO4
2-, HCO3

- and CO3
2-), in order to check the impact of the presence 

of these ligands at high concentrations on the solubility of the minor elements. 

 

Levels of zinc, copper and cadmium were below limit of detection, whereas World Health 

Organisation (WHO) guidelines for drinking water (WHO, 2004) for barium (Ba) (0.7 mg/L), 

boron (B) (0.5 mg/L), chromium (Cr) (0.05 mg/L) and lead (Pb) (0.01 mg/L), were exceeded in 

6.5, 9.7, 16.1 and 64.5% of the studied samples, respectively. Dissolved Ba and strontium (Sr) 
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species were mainly free aqueous ions. However, a significant fraction of BaHCO3
+, SrHCO3

+ 

and SrSO4
0 were also calculated. Dissolved boron was mostly in the form of boric acid (H3BO3), 

with a small amount being protolyzed in the most alkaline samples (pKa=9.24) (H2BO3
-). Silver 

ions were mainly complexed to chloride as AgCl0 and AgCl2
-. With pH ranging from 6.4 to 8.1, 

hydrolysed species constitute practically all of the Al [as (Al(OH)4
-] and Cr [as Cr(OH)2

+ and 

Cr(OH)2+] in solution. Carbonate complexes are important for the speciation of Pb [mainly as 

PbCO3
0 and PbHCO3

+], with an appreciable fraction of aqueous Pb2+ ions and a small 

representation of PbCl+ (Article V, Table 2).  

 

Application of HCA, PCA and correlation analysis revealed that variations in salinity (TDS/EC) 

accounted for most of the variations in total levels of Pb, B, Sr and Ba (Article V, Figs 6 and 7). 

The association of these minor elements with the dominant solutes in brackish/saline 

groundwater (Na+, Cl- and SO4
2-) was attributable to a common source (i.e. associated with 

evaporites) and/or influence of inorganic ligands and low pH associated with the relatively saline 

groundwater. For example, there was evidence that possible reasons for the preferential 

association of Pb with the relatively saline groundwater may include solubilisation of metals by 

chloride complexing and low pH (Article IV, Figs. 8-10). Complexation lowers the activity of 

the “free” aqueous ions in groundwater, thereby increasing dissolution and desorption of minor 

elements. Barium concentrations, however, were controlled by saturation with respect to barite 

(BaSO4) (Article V, Fig. 12), leading to low Ba levels in relatively saline groundwater because 

of their relatively high sulphate content.  Mixing of saline and fresh groundwater was 

concomitant with cation exchange (leading to enrichment of Na+) and enrichment of B (Article 

V, Fig. 13) by desorption from clay minerals.  
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4.4 Conclusions 

The overall aim of this dissertation was to contribute towards a better understanding of sources 

and governing processes for the spatial distribution of groundwater with relatively high salinity 

content prevailing in lower Shire River valley (Malawi). Regional patterns of strontium isotopes 

and stable isotopes of water, as well as major and minor elements have been assessed focusing 

on the geochemical origin and evolution of salinity. The isotope and geochemical dataset was 

analysed using different, but complimentary, approaches that allowed for insights into the 

occurrence of saline groundwater in the study area, as well as for hydro-geochemical studies on 

saline groundwater in general, offering a methodical guide for further research. The results of 

this study will also be useful to the development of a sound management plan for water resources 

and direction of further research in the study area.  

 

Weathering of silicate minerals was shown as a dominant process for the chemistry of fresh 

groundwater, leading to calcium-magnesium-bicarbonate water type. The fresh ground water, in 

turn, evolves into relatively high TDS, sodium-bicarbonate type groundwater, through mixing 

with saline groundwater and removal of the calcium (and magnesium) via cation exchange and 

carbonate precipitation. Evaporite mineral dissolution is a plausible origin of salinity associated 

with Cretaceous and Karoo sedimentary formations, whereas evaporative concentration may play 

a role along Shire River, where shallow water table is present.  Spatial coherence of fault systems 

with the distinct zones of saline/brackish groundwater suggests that the sporadic distribution of 

salinity may be a manifestation of selective intrusion at specific locations of highly mineralised 

groundwater from sedimentary Karoo (e.g. Red beds and carboniferous shales) and Cretaceous 

formation through the faults. The major cation composition in the saline groundwater is modified 

mainly by mineral equilibria, cation exchange and dilution by mixing with fresh groundwater. 

 

In addition, this study assessed the influence of saline groundwater on dissolved load of selected 

potentially toxic minor elements. Salinity accounted for most of the variations in total levels of 

Pb, B, Sr and Ba. The association of these minor elements with the dominant solutes in 

brackish/saline groundwater was attributable to a common source (i.e. associated with 

evaporites) and/or influence of inorganic ligands and lower pH associated with the relatively 
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saline groundwater. Mixing of fresh and saline groundwater was concomitant with cation 

exchange (leading to enrichment of Na) and enrichment of B by desorption from clay minerals. 

 

4.5 Scope for further study 

The present study only focused on the use of strontium isotopes and stable isotopes of water, 

major and minor elements to investigate salinization processes. These methods alone cannot 

provide complete understanding of the salinity problem. Therefore, the important insights 

achieved in the course of this dissertation also provide scope for further work. In order to fully 

characterise the salinity problem, combination of geophysics, quantitative hydrogeology (field 

studies and hydraulic modelling), and geology are suggested. These are elaborated briefly below. 

 

The present study was mainly conceived as a regional case study and has revealed the localised 

nature of the salinity problem. However, the variation of salinity with depth is not well 

understood, and the stratification of the aquifer is not known.  Studies characterising the vertical 

domain of the whole aquifer system would be useful, especially with a focus on the saline zones. 

Geophysical methods (such as electrical resistivity) and depth sampling would be beneficial, in 

this regard. To investigate the effects of faults, high-resolution geophysical imagery (e.g. 

magnetic survey) should be obtained to identify all structural trends underneath the alluvium and 

colluviums. This should be coupled to the identification of their hydraulic conductivity. In 

addition, studies on groundwater flow modelling focusing on flow of fluids from the saline zones 

and effect of the fault zones on subsurface fluid migration are also recommended. Finally, the 

studies can focus on management of the salinity problem.  
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a b s t r a c t

Our ability to adapt to changes in groundwater quality, arising from a changing climate and/or local
pressures, is dependent on comprehension of the governing controls of spatial variation in groundwa-
ter chemistry. This paper presents results of an assessment of dominant hydro-geochemical processes
controlling groundwater chemical composition, using an integrated application of hierarchical cluster
analysis (HCA) and principal component analysis (PCA) of a major ion dataset of groundwater from
lower Shire River valley, Malawi. The area is in the southernmost part of the western section of
the East African Rift System (EARS) and has localised occurrence of saline groundwater. HCA classified
samples into three main clusters (C1–C3) according to their dominant chemical composition: C1
(dominant composition: Na–Cl; median TDS: 3436 mg L�1), C2 (dominant composition: Na–HCO3;
median TDS: 966 mg L�1) and C3 (dominant composition: alkali earths–HCO3; median TDS:
528 mg L�1). These clusters were in turn described by the principal components PC1, PC3 and PC2,
respectively, resulting from the PCA. The results of the PCA and geochemical interpretation suggest
that the spatial variation of groundwater quality in the area is influenced by the following processes:
C3 samples result mainly from H2CO3 weathering of aluminosilicate minerals by percolating water
supersaturated with CO2. In addition to aluminosilicate weathering, C2 samples are influenced by
the processes of cation exchange of Ca2+ and Mg2+ in the water for Na+ on clay minerals, and carbon-
ate precipitation. The increase in ionic strength of C2 samples is attributed to mixing with high TDS
groundwater in proximity with C2 samples. The saline/brackish C1 groundwater results from the pro-
cesses of evaporation (for samples with high water table close to the Shire marshes) and dissolution of
Cl� and SO4-evaporative salts followed by mineralised seep from sedimentary Karoo and Cretaceous
Lupata sandstones.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The UN Millennium goal (Goal 7, Target 3) to ensure adequate
and potable water supply to everyone has necessitated the exploi-
tation of groundwater resources for rural water supply in most
developing countries. In Malawi, some of the aquifers are not of
adequate potable quality due to natural factors or anthropogenic
pressures. In the lower Shire River valley, occurrence of groundwa-
ter with high salinity is a major groundwater quality problem (Da-
vis, 1969; Lockwood Survey Cooperation, 1970; Bradford, 1973),
particularly in unconsolidated deposits in the valley bottom where
ll rights reserved.

stry, University of Oslo, P.O.

, mauricm@student.matnat.
Na+ and Cl� concentrations of up to 3600 and 4000 mg L�1, respec-
tively, have been reported (Bradford, 1973; Bath, 1980). Wells
delivering saline water are usually abandoned by communities,
resorting to open water holes dug out in dry river beds or surface
water resources, where these are available. An understanding of
hydro-geochemical processes affecting water quality in these aqui-
fers is essential in order to assess potential effects of changes in
environmental pressures and identify necessary abatement actions
to sustain usable water supplies. However, previous research on
surface and ground water quality in Malawi is scanty and mainly
focused on determining levels of chemical and bacteriological pol-
lutants (Lakudzala et al., 1999; Mumba et al., 1999; Saka and
Ambali, 1999; Palamuleni, 2002; Msonda et al., 2007; Sajidu
et al., 2007; Pritchard et al., 2007, 2008; Kaonga et al., 2008;
Mkandawire, 2008). The lack of systematic hydro-geochemical
studies conducted in the area has restricted knowledge of spatial
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variation of groundwater quality and therefore assessment of
factors and processes governing the high salinity problem.
Fig. 1. Map of the study area showing location, geology and sample locations. Inset show
The objective in this study was to examine the relationship
between groundwater chemistry and geology in the lower Shire
s location of the study area in Malawi (Africa). Cross-section AB is shown in Fig. 2b.
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valley in order to better understand the dominant hydro-
geochemical processes controlling spatial variation in chemical
Fig. 2. (a) Contours of water levels (meters above sea level) for groundwater in the study
1 = Recent deposits: 2 = Mwanza Grits and Calcareous Shales; 3 = Lower Sandstones: 4 =
African basement: 7 = mylonite and quartz: 8 = listric normal fault: 9 = direction of exte
composition of the groundwater. The hydro-geochemical processes
governing water quality were determined through an integrated
area. (b) Cross-section AB: tilted blocks in the Lengwe basin (from Castaing, 1991).
horizon of flaggy sandstone; 5 = Coal Shales: 2, 3, 4. 5 = Karroo deposits: 6 = Pan-

nsion (see Fig. 1 for Lengwe basin and the represented cross section).
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application of two well-proven multivariate statistical methods;
hierarchical cluster analysis (HCA) and principal components anal-
ysis (PCA).
2. Study area

Malawi is situated in SE Africa (Fig. 1) and lies within the wes-
tern branch of the East African Rift system (EARS). The lower Shire
River valley occupies the southernmost part of the Malawi section
of the rift. The Shire River, the biggest river in Malawi, runs
through the valley accounting for the outflow from Lake Malawi
to the Zambezi River. This study focuses on the upper district of
Chikhwawa (Fig. 1). This is an area with most favourable condi-
tions for irrigated agriculture, but with previously reported high
salinity levels in the groundwater. Its low altitude (range 52–
107 m a.s.l.) renders the area one of the hottest areas in Malawi
(average daily temperature: 20–32 �C) causing annual moisture
deficiency (annual mean pan evaporation of 1885 mm with annual
mean precipitation of 600 mm; Malawi Department of Water,
1986). During the rainy season the lower part of the valley floor
experiences annual flooding, mainly from the Shire River.
Fig. 3. Variation of EC with depth (data from samples in different locations of the
study area).

Table 1
Descriptive statistics for the 247 groundwater samples from the study

Parameter Mean Median Minimum

Temp. (�C) 30.7 30.9 23.5
pH 6.45 7.3 5.0
EC (lS/cm) 2668 1318 34.9
TDS (mg/L) 1585 778 16.0
SiO2 (mg/L) 48.2 42.0 2.0

CO2�
3 (mg/L) 12.1 0.0 0.0

HCO�3 (mg/L) 602 556 65.0
Cl� (mg/L) 454 75.5 3.8

SO2�
4 (mg/L) 158 44.9 1.1

Na+ (mg/L) 367 150 10.0
K+ (mg/L) 3.7 2.0 0.0
Ca2+ (mg/L) 108 76.5 6.1
Mg2+ (mg/L) 62.9 40.0 1.0
SIGypsum �2.1 �2.2 �3.9
SIDolomite 0.9 1.0 �4.8
SICalcite 0.4 0.5 �2.4
SIHalite �6.4 �6.6 �9.0
SIChalcedony 0.3 0.3 �1.0
SIArm.Silica �0.5 �0.5 �1.8
SIAnhydrite �2.4 �2.4 �4.1
SIAragonite 0.2 0.3 �2.6
logPCO2 ðatmÞ �1.6 �1.6 �3.3
2.1. Geological and hydrogeological setting

Situated within the EARS, the lower Shire valley is intensely
faulted and the major faults are shown in Fig. 1 (Habgood, 1963;
Castaing, 1991; Chapola and Kaphwiyo, 1992). The area is
underlain by a basement of Precambrian to Lower Palaeozoic
Mozambique Belt high grade charnockitic granulites and biotite-
hornblende gneisses (semi-pelitic), referred to as the Malawi
Basement Complex (Habgood, 1963; Carter and Bennet, 1973;
Bloomfield, 1966; Morel, 1989). Overlying these basement rocks
on the western bank of the Shire valley are Karoo sedimentary rocks
(Fig. 1 and 2b; Habgood, 1963; Castaing, 1991). The Karoo rocks are
dissected by numerous normal tension faults mainly trending NW,
although there are several important NE faults such as the Panga
and Telegraph faults shown in Fig. 1. The Karoo sedimentary forma-
tions are unconformably overlain by Cretaceous Lupata sandstones.
Apart from the outcrop shown in Fig. 1, there have been proved
exposures in well sections in the valley colluviums (Habgood,
1963). The climax of the Karoo faulting was the eruption of basalts
during the Early Jurassic (represented by the outcrop shown in
Fig. 1) and dolerites. Also present are hydrothermal fault rocks,
associated with the Karoo boundary faults (Habgood, 1963). The
floor of the lower Shire River valley is a piedmont plain consisting
of a large amount of unconsolidated sediment derived from the sur-
rounding consolidated rocks (Habgood, 1963).

The hydrogeology of the area has been reported by Bradford
(1973). The main aquifer units, in order of increasing importance
as groundwater resources, are: (1) the weathered and/or fractured
basement rocks, (2) Karoo and Cretaceous sedimentary rocks, (3)
weathered basalts and (4) the unconsolidated alluvial deposits
(Bradford, 1973). In general, the water level contours indicate a re-
gime of groundwater flow towards the central axis of the valley
(towards Shire River; Fig. 2a). Close to the marsh area (in the
unconsolidated alluvial deposits), the water table is usually found
within 6 m depth. The aquifers are lenticular in shape and of lim-
ited lateral extent, but there is partial hydraulic continuity be-
tween water in the weathered bedrock at the valley sides and
water in the alluvium in the valley floor. Non-flowing confined
aquifers with upward leakage are generally found in the valley
floor (Bradford, 1973). Hot springs are found along the Mwanza
area.

Maximum Standard deviation Skewness

37.7 1.77
9.0 0.8
36,000 3923 4.4
26,538 2620 5.2
174 26.5 1.3
234 27.5 4

3110 346 2.6
11,767 1195 5.5
2600 374 4.8

8320 715 6.7
189 12.7 13.0
878 120 3.5
1302 109 7.6
0.0 0.7 0.2
4.6 1.6 �0.6
2.5 0.8 �0.6
�2.8 1.2 0.5
1.4 0.3 �0.2
0.6 0.3 �0.2
�0.2 0.7 0.2
2.4 0.8 �0.6
0.8 0.8 0.4



Fig. 4. Spatial distribution of TDS (mg/L) and its relationship with: (a) hydro-
geochemical water types and (b) sample clusters. Surface maps were created using
the Inverse Distance Weighted (IDW) method in ArcGIS 9.2. The geological units
and other features are as explained in Fig. 1.

M. Monjerezi et al. / Applied Geochemistry 26 (2011) 1399–1413 1403
Fault, representing the most recent stages of the Cretaceous
hydrothermal activity (Cooper and Bloomfield, 1961).

3. Materials and methods

3.1. Groundwater sampling and analysis

Water samples were collected from shallow boreholes and hand
dug wells for rural water supply (see Fig. 1) using standard
sampling procedures (APHA, 1985; ISO 5667-11:1993) during
sampling campaigns in 2008 and 2009. The shallow boreholes
were drilled typically to depths between 20 and 70 m, whilst the
wells are less than 10 m deep (Fig. 3). All samples were analysed
for main chemical descriptors using standard methods. Tempera-
ture, pH (ISO 10523-1:1994) and electrical conductivity (EC) (ISO
7888:1985) were measured in the field, whilst the rest of the
parameters (Na+, Ca2+, Mg2+, K+, CO2�

3 , HCO�3 , Cl�, SO2�
4 , SiO2, NO�3

and total dissolved solids (TDS) were determined at the Chemistry
Department laboratory, Chancellor College, University of Malawi.
Analysis for cations was repeated for a selection of samples at
the Geological Survey Department, Zomba, Malawi. The total con-
centrations of Na+, K+, Ca2+ and Mg2+ were determined using flame
atomic absorption spectroscopy (Buck Scientific Model 200A).
Titrimetric methods were used to determine the concentration of
Cl� (AgNO3), CO2�

3 and HCO�3 (acid). Molecular absorption spectros-
copy (JENWAY 6405) was used to determine the amount of NO�3
(salicylate, Yang et al., 1998) and SiO2 (molybdenum blue). The
concentration of SO2�

4 was determined turbidimetrically (BaSO4;
APHA, 1985). The amount of total dissolved solids (TDS) was deter-
mined gravimetrically by evaporation (APHA, 1985). This dataset
for the groundwater chemistry in Lower Shire was augmented with
unpublished data on the concentrations of major ions in ground-
water samples collected from other parts of the area provided by
the Central Water Quality laboratory, Lilongwe, Malawi. The qual-
ity of the chemical data was assessed by checking ion balances.
Calculated charge balance errors are found to be less than or equal
to ±10%, with an overall good correlation between total cations and
total anions (meq L�1) (y = 0.98x; R2 = 0.978).

3.2. Multivariate statistical analysis

A regional hydro-geochemical study is intrinsically a multivar-
iate problem because of a large number of chemical parameters
(variables) associated with a large number of sampling sites
(observations). Although multivariate statistical methods do not
indicate cause-and-effect relationships, they provide information
from which such relationships can be inferred. They have, there-
fore, been used extensively in the assessment of hydro-geochemi-
cal data, and have been established as useful tools in studying
hydro-geochemical patterns of watersheds and significantly help
to classify groundwater and to discover major mechanisms influ-
encing groundwater chemistry. Examples of the successful use of
multivariate statistical methods in hydro-geochemical studies are
contained in Steinhorst and Williams (1985), Usunoff and
Guzmán-Guzmán (1989), Melloul and Collin (1992), Schot and
van der Wal (1992), Farnham et al. (2000, 2003), Stetzenbach
et al. (2001), Güler et al. (2002), Güler and Thyne (2004), Helstrup
et al. (2007), Yidana et al. (2008), Cloutier et al. (2008). In this
study, 10 chemical variables (EC, pH, Na+, Ca2+, Mg2+, K+, HCO�3 ,
Cl�, SO2�

4 and SiO2), in 247 samples were analyzed using Q-mode
Hierarchical Cluster Analysis (HCA) and Principal Component
Analysis (PCA). The HCA and PCA were used as a quantitative
and independent approach for groundwater classification allowing
grouping of the groundwater samples and making of correlations
between chemical parameters and groundwater samples,
respectively.
The data for most chemical parameters (in mg L�1) are highly
positively skewed (Table 1), thus all chemical parameters (except
pH) were log-transformed. The log-transformed dataset (and pH)
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was then routinely standardised prior to the multivariate analyses
by subtracting the mean value and dividing by the standard devi-
ation of the parameter (Liu et al., 2003). In this study, both HCA and
PCA were performed using R statistical software (R Development
Core Team, 2007). The HCA was implemented in R using stats pack-
age (R Development Core Team, 2007), and was performed using a
combination of Ward’s linkage method (Ward, 1963), adopting the
Euclidean distances as a measure of dissimilarity. The PCA was
implemented using FactoMineR (Factor analysis and data Mining
with R) package (Husson et al., 2009). The approach used to imple-
ment PCA in FactoMineR is described in detail by Lê et al. (2008). In
FactoMineR, the solution which maximises variance of projected
points is kept. Although rotational algorithms help improve the
interpretability of the principal components, the FactoMineR
method does not apply any rotation in order to keep optimal prop-
erty of the maximisation of variance of the projection points. The
key feature of this package is the possibility of taking into account
different types of variables (quantitative or categorical), different
types of data structure (a partition on the variables, a hierarchy
on the variables, a partition on the individuals) and finally supple-
mentary information (supplementary individuals and variables).
Thus principal components (PCs) issued from different exploratory
data analyses can be automatically described by quantitative and/
or categorical variables (Lê et al., 2008). For purposes of this study,
EC (a measure of groundwater salinity) was entered as a quantita-
tive supplementary variable, whilst the clusters produced by the
HCA were entered as qualitative supplementary variables (categor-
ical). In addition to HCA and PCA, Pearson correlations were used to
Fig. 5. Bivariate plots showing relationship between (a) Ca2+ + Mg2+, (b) Na+ + K+, (c) HCO
of 1:1 slope. Samples are grouped according to their HCA clusters (see Fig. 4b for expla
find inter-relationships of the chemical parameters for samples in
each cluster.
3.3. Hydro-geochemical assessment methods

The groundwater samples were classified into water types
based on the dominant anion (or cation) exceeding 50% of total an-
ionic (or cationic) charge. The geochemical modelling program
PHREEQC v2.16 (Parkhurst and Appelo, 1999), implemented with
the MINTEQ.v4 database (Allison et al., 1991), was used to calcu-
late thermodynamic equilibrium conditions of waters with respect
to mineral phases present in the aquifer and theoretical partial
pressure of CO2 in water (PCO2 ) of each water sample.
4. Results

4.1. Groundwater chemistry

The results of chemical analyses and field measurements for 247
groundwater samples are summarised in Table 1. The water samples
had average temperatures during sampling of around 30 �C,
reflecting the average yearly temperature of the study area. pH val-
ues from 5.0 to 9.0 were found, with an median pH of 6.45. Electric
conductivity (EC) varied considerably from 35 to 36,000 lS cm�1,
and correspondingly TDS ranged from 16 to 26,539 mg L�1. A vast
majority (91%) of all groundwater samples would be classified as
brackish (1000 mg L�1

6 TDS 6 10,000 mg L�1) and 5% as saline
�
3 and (d) Cl� + SO2�

4 with total cations/anions (meq L�1). The diagonal lines are lines
nation).
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(TDS > 10,000 mg L�1). WHO guidelines for Na (200 mg L�1), Cl�

(250 mg L�1), SO2�
4 (250 mg L�1) and Mg (50 mg L�1) in drinking
C1 

N = 43

C2 

N = 95

(a)

(b)

(c)

Fig. 6. (a) Dendrogram for the groundwater samples, showing the division into three clus
the three clusters. (c) Box plots of TDS and SiO2 for groundwater in the three clusters.
water (WHO, 2004) were exceeded in 42%, 29%, 15% and 35% of all
groundwater samples, respectively. Calculated PCO2 in the
C3 

N = 109

ters. (b) Stiff diagram showing the median composition (meq L�1) of groundwater in
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groundwater samples showed large CO2 supersaturation (median =
10�1.60 atm; Table 1). The concentration of SiO2, which reflects
weathering of silicate minerals in the aquifers, ranged from 2.0 to
174.0 mg L�1. Most groundwaters reach chalcedony, calcite and
dolomite saturation but are undersaturtated with halite and gypsum
(Table 1).

Fig. 4a depicts highly variable major ion chemistry for the study
area. Samples can be divided into main groups of HCO�3 and Cl�

waters, but some samples have mixed anionic compositions
(Fig. 4a). Some 71.5% of all samples were of HCO3-type, of which
nearly 40% were Na–HCO3 (EC in the range 230–8500 lS/cm) and
nearly half of them were Ca–(Mg)–HCO3 (EC in the range 39–
3220 lS/cm) and the rest were mixed cation–HCO3 type. Samples
with a Na–Cl composition accounted for 13% of all samples (EC
in the range 1590–36,000 lS/cm), 9.2% of all samples had equal
HCO�3 and Cl� and only six samples were of the SO2�

4 type. Cal-
cium–(Mg)–HCO3 and mixed-HCO3 waters occur in areas sur-
rounding the valley on the eastern bank and parts of the west
bank of Shire River. Towards the valley centre Na–HCO3 to Na–Cl
waters predominate (Fig. 4a).

In general, the dissolved solids content in groundwater in-
creases gradually as it flows towards Shire River. The important
exceptions are distinct areas of brackish groundwater (see TDS dis-
tribution in Fig. 4), which fit in with the deeply faulted Karroo
rocks and the Cretaceous Lupata series. The high salinity along
the Shire River indicates that the river is not significantly influent
to the underlying water table, suggesting a negligible or very slow
movement of water from the river into the aquifer (Bradford,
1973). A shallow water table (Fig. 2a) and the inferred slow move-
ment close to the river may enhance evaporation. Overall, variation
of salinity with depth does not show a significant pattern (Fig. 3),
with spatial variation being more apparent (Fig. 4). In water sam-
ples with low total ion concentrations, representing low minerali-
sation, the dominant ions are Ca2+, Mg2+ and HCO�3 (Figs. 4, 5a and
c). Samples with high total ion concentrations are dominated by
Na+ and Cl� + SO2�

4 (Figs. 4, 5b and d).
4.2. Multivariate statistical analyses

4.2.1. Hierarchical cluster analysis (HCA)
The groundwater samples were classified by HCA into three

main clusters (C1, C2 and C3) according to their dominant chemical
Table 2
Correlations and explained variance for the three PCs.

Type of variable Parameter PC 1

Correlation p-Value

Quantitative variables Cl 0.90 <0.001
Na 0.89 <0.001
EC 0.84 <0.001
SO4 0.79 <0.001
Mg 0.72 <0.001
HCO3 0.65 <0.001
Ca 0.59 <0.001
K 0.33 <0.001
SiO2 �0.10 <0.001
pH �0.24 <0.001

Categorical variables Cluster Coordinate

One 2.94
Two 0.17
Three �1.31

Eigenvalue 3.67
Explained variance (%) 41.44
Cumulative% of variance 41.44
composition (Fig. 6a). The number of clusters was chosen based on
the minimum number of clusters that explain most of the variation
in hydro-geochemical properties of the water samples. The first
cluster (C1) is characterised by high salinity (Figs 4b and 6c; med-
ian TDS = 3436 mg L�1; average TDS = 4890 mg L�1) and is sepa-
rated from C1 and C2 at the first divide, showing that samples in
C1 are distinct from the ones in C2 and C3 (Fig. 6a). Samples in
the second cluster (C2) have salinity intermediate between C1
and C3 (Figs. 4b and 6c; median TDS = 966 mg L�1; average
TDS = 1302 mg L�1). Samples in clusters C1 and C2 have a cationic
composition that is dominated by Na+ ions, with abundance order
Na+ > Ca2+ �Mg2+ > K+ (meq L�1). However, they differ in their an-
ionic composition: C2 water samples are dominated by HCO�3 and
C1 water samples are dominated by Cl�, giving dominant chemical
compositions of the type Na–HCO3 and Na–Cl, respectively
(Fig. 6b). The third cluster (C3) is characterised by relatively low
salinity (Figs. 4a, 6c; median TDS = 528 mg L�1; average
TDS = 539 mg L�1). Samples in C3 are characterised by mixed cat-
ionic composition (abundance order (meq L�1): Ca2+ (median:
3.33 meq L�1; average: 3.70 meq L�1) �Mg2+ (median: 3.05 meq
L�1; average: 3.00 meq L�1) � Na+ (median: 2.57 meq L�1; average:
3.79 meq L�1)� K+) and anionic composition dominated by HCO�3
(abundance order (meq L�1): HCO�3 > Cl� > SO2�

4 ). Thus C3’s domi-
nant chemical composition can be characterised as mixed cation–
HCO3 type (Fig. 6b). The samples in C3 also have characteristically
higher values of silica (median SiO2 value = 60 mg L�1), although
with a wider range, than clusters C1 and C2 (Fig. 6c).
4.2.2. Principal component analysis (PCA)
In FactoMineR, a correlation coefficient between the variable

and the sample score of the active individuals is calculated for each
quantitative variable, and each PC. Then, the significance of each
correlation coefficient is tested and each PC is described by only
the significant variables (Lê et al., 2008). In Table 2, each PC is de-
scribed by the correlations, for quantitative variables (chemical
parameters) and coordinates for the categorical variable, Cluster
(from HCA). The Cluster with a coordinate significantly greater
than zero for a particular PC means that the Cluster is well de-
scribed by that PC (Lê et al., 2008). In this study, the number of
PCs to keep was based on Kaiser criterion, for which only compo-
nents with eigenvalues P1 are retained (Kaiser, 1958) and the
variables were kept if their p-value was less that 0.05 (95%
PC 2 PC 3

Correlation p-Value Correlation p-Value

�0.16 <0.001
0.29 <0.001
0.11 <0.001
0.20 <0.001

0.16 <0.001 �0.26 <0.001
0.41 <0.001 0.25 <0.001

�0.39 <0.001
�0.70 <0.001 �0.22 <0.001
0.78 <0.001 �0.16 <0.001
�0.16 <0.001 0.74 <0.001

Coordinate Coordinate

�0.37 �0.48
�0.33 0.56
0.44 �0.36
1.26 1.03
14.25 11.63
55.69 67.30
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confidence level). As a result three PCs were extracted, accounting
for 67.32% of the total variance (Table 2). The first two PCs explain
41.44% and 14.25% of the variance, respectively, and thus, account
for the majority of the variance in the original dataset. Principal
component 3 (PC3) explains 11.63% of the variance.

Fig. 7 presents variable (chemical parameters) principal coor-
dinates and individual sample (observations) scores generated by
the PCA. The first principal component (PC1) is characterised by
high positive correlations in EC (a supplementary variable) and
all the major ions (Na+ and Cl� having the highest correlation),
and is characteristic of samples in cluster C1 (Fig. 7; Table 2).
The second principal component (PC2) exhibits strong positive
correlation in silica and moderate positive correlation in HCO�3
(Table 2), which are symptomatic for samples in cluster C3 (Ta-
ble 2). The third principal component (PC3) is characterised by
strong positive correlations with pH, weak positive correlation
with Na+, HCO�3 and SO2�

4 and negative correlations with both
Ca2+ and Mg2+. The categorical variable that describes this
dimension well is C2 (Table 2; Fig. 7). The contribution of each
individual to the construction of one PC allows detection of
the individuals which contribute to the construction of the PC
(Lê et al., 2008). The spatial distribution of the contributions of
the individual samples to each PC is shown in Fig. 8.
Fig. 7. Results of PCA showing the three PCs. Individuals (observations) graph (upper pa
according to their HCA clusters (see Fig. 4b for explanation).
5. Discussion

The chemical parameters that govern more than 40% of the
main variation in the dataset (PC1) are dominant solutes in brack-
ish and saline water, namely Na+, Cl� and SO2�

4 (Fig. 7; Table 2). PC1
is also highly correlated with EC (Fig. 7; Table 2). Therefore, PC1
can be used to account for groundwater salinisation processes,
and is termed the salinisation dimension. The fact that the salinisa-
tion dimension is characterised by high values of all major ions
suggests evapo-concentration to be one of the processes repre-
sented by this dimension. In addition, the components with strong
correlations with the salinisation dimension are the same as those
characteristic for samples that are influenced by dissolution of
evaporites (e.g. Ceron et al., 2000; El Yaouti et al., 2009; Huang
et al., 2009). The samples with high contributions to PC1 are from
boreholes near Shire River marshes and from some localised zones
in the upstream plain. The majority of these samples belong to
cluster C1 from the HCA (Fig. 8a).

On a bivariate mixing diagram of Na-normalised HCO�3 versus
Na-normalised Ca2+ (Fig. 9), a significant number of samples in
C1 plot within the evaporite dissolution domain (Dessert et al.,
2003; Gaillardet et al., 1997, 1999). The highest TDS
(TDS > 5000 mg L�1) samples are identified by their numbers in
nel) and variables (chemical parameters) graph (lower panel). Samples are grouped



Fig. 8. Spatial distribution of contributions of individuals to the three PCs: (a) PC1, (b) PC2 and (c) PC 3. Surface maps were created using the Inverse Distance Weighted (IDW)
method in ArcGIS 9.2. The geological units and other features are as explained in Fig. 1.
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Fig. 9b (conf. Figs. 1 and 4) and the samples plot within the evap-
orite dissolution domain, except samples 228 and 225 located
close to the River Shire marshes. In addition, the C1 samples that
cluster around a Na+/Cl� molar ratio of one (majority of C1
samples), also exhibit low molar ratios of Ca2+/Cl�, Mg2+/Cl� and
HCO�3 /Cl� (Fig. 10). Furthermore, in cluster 1, TDS is strongly and
significantly correlated to Na+ and Cl�, and moderately correlated
to SO2�

4 . These ions are also well correlated to each other. In the



Fig. 9. Bivariate plot of Na-normalised (mM/mM) HCO�3 versus Na-normalised Ca2+ to show trends of weathering. The dashed rectangular areas demonstrate global average
compositions of groundwater with respect to evaporite dissolution (bottom), silicate (enclosed), basalt (middle) and carbonate (top) weathering, without mixing (data from
Dessert et al., 2003; Gaillardet et al., 1997, 1999). (a) For all samples and water samples classified according to their clusters (see Fig. 4b for explanation). (b)–(d) for clusters
1–3, respectively, with samples classified according to their water types (see Fig. 4a for explanation).
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carbonate system, only Mg2+ is weakly correlated to TDS, whereas
Ca2+ and HCO�3 are not correlated with TDS (Table 3). These results
corroborate the interpretation of PC1 as they are consistent with
both evaporite mineral dissolution and effects of evaporation. Dis-
solution of evaporite minerals causes rise in specific ionic species
depending on the composition of the minerals present (e.g. Ca2+

and SO2�
4 , and Na+ and Cl� from gypsiferous and halite evaporites,

respectively). Up-concentration by evaporation results in ionic ra-
tios unaltered from the original composition, except for precipita-
tion of the less soluble carbonates, which limits Ca2+ and Mg2+

concentrations (Fig. 5a and c) at high TDS (mineralisation), pre-
venting equivalence between Ca2+, Mg2+ and HCO�3 with Cl� from
being attained (Fig. 10). Fig. 11 shows a plot of saturation indices
(SI) of calcite and dolomite for all the investigated groundwater
samples. The highest TDS (TDS > 5000 mg L�1) samples are also
identified by their numbers and samples 225 and 228, taken close
to the River Shire marshes, show saturation with both dolomite
and calcite.

The high scores of PC1 close to the Shire River marshes may be
related to the influence of evapo-concentration from the shallow
water table, as water occurs within 6 m of the surface (Bradford,
1973). For example, sample 228 (TDS = 6171 mg L�1), was col-
lected from a shallow well dug to a depth of 1 m, on the flood
plains of the River Shire. High evaporation may also lead to concen-
tration of infiltrating water to precipitation and deposition of evap-
orites, which re-dissolve in rainwater and infiltrate into the aquifer
(Drever and Smith, 1978). Saline soils are found in some zones
along the Shire marshes, which is a possible indication of evaporite
deposition. The zones in the upstream areas (away from the River
Shire) with high contribution to PC1 are likely attributable to an
influence of the Cretaceous and Karoo sedimentary rocks and their
derived colluviums (see Figs. 1 and 8), as their greater depths pre-
clude effects of evaporation from the water table. In addition, some
of the most saline samples are below saturation to equilibrium
with dolomite and calcite (Fig. 11). The localised nature of the high
saline areas gives an indication of the existence of a contributing
up-fluxing saline groundwater source(s) within the Karroo and
Cretaceous sedimentary beds. This could be a result of leaching
and dissolution of disseminated/precipitated evaporite minerals
within the sediments. In the study area, the Karoo Red Beds were
deposited in shallow pools of high salinity and the Cretaceous
Lupata series were deposited rapidly from the Karroo and crystal-
line rocks during partial flooding in a semi-arid environment
(Habgood, 1963). The other samples with high TDS in the vicinity
of these areas of highest salinity are then due to dilution with local
recharge and fresh groundwater. This source of groundwater
salinity would manifest from low-yielding formations, where low
recharge prevents depletion of deposited salts by dissolution and
leaching and also rapid dilution of the resulting saline groundwa-
ter. On the western side of the valley, easily weathered sedimen-
tary rocks have resulted in unconsolidated fine grained material
of low permeability (Bradford, 1973). Indeed, occurrence of brack-
ish water is commonly associated with dry or low yielding
boreholes.

The chemical parameters with strong correlations with PC2
(SiO2 and HCO�3 ) are associated with groundwater chemistry
mainly governed by silicate weathering. Therefore PC2 is conceived
to represent a dimension that describes mineralisation of ground-
water by silicate weathering by H2CO3 and soil–water interaction.
In PC3, Ca2+ (and Mg2+) exhibit negative correlations with Na+,



Fig. 10. Molar ratios of major ions for groundwater from the study area. Water samples are classified according to their clusters (see Fig. 4b for explanation).
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HCO�3 and pH (Fig. 7; Table 2), suggesting that an increase in Na+

and HCO�3 occurs at the expense of the alkaline earth ions.
Fig. 8b shows high contributions to PC2 in the zone in which the
composition of the drift is directly related to an up-slope basalt
parent material and some scattered samples in the basalts. The
drift in this zone is mainly a brown gritty drift, with high montmo-
rillonite content, known in Malawi as Makande drift (Lowole, 1985;
Lockwood, 1970; Habgood, 1963). Some high contributions are
also scattered in the colluviums and alluviums to the north of
the sugar estate, where clays are also abundant and also in the
charnokite series on the eastern bank of the Shire River (Figs. 8b
and 1). PC2 well characterises samples in C3 (Table 2) and the high
contributions to PC2 are mostly associated with C3 samples and a
few samples in C2 (Fig. 8b); whereas PC3 well characterises sam-
ples in C2 (Table 2) and the high contributions are mostly associ-
ated with C2 samples and a few samples in C3 (Fig. 8c). The
majority of samples in C3 plot within the global-average basalt
and silicate weathering domain in Fig. 9a. The samples that plot
outside of the weathering domain are predominantly Na–HCO3

type (Fig. 9d). For C2 samples, the majority of the samples (Na–
HCO3 type) plot between the evaporite dissolution and weathering
domains in Fig. 9a, whereas the alkaline earths–HCO3 and Na–Cl
samples plot within the weathering and evaporite dissolution do-
mains (Fig. 9c).

The majority of C3 samples exhibit high Na+/Cl�, Ca2+/Cl�, Mg2+/
Cl� and HCO�3 /Cl� molar ratios (Fig. 10). Furthermore, in cluster 3,
TDS is significantly well correlated with Na+ and HCO�3 , but weakly
correlated with SO2�

4 , Cl�, Ca2+, Mg2+ and SiO2. Bicarbonate is also
strongly correlated with Na+ and Mg2+, moderately correlated with
SiO2 and weakly correlated with Ca2+ (Table 3). In addition, C3
samples exhibit high concentrations of HCO�3 , SiO2 and alkaline
earth elements (Fig. 6b and c). These results are consistent with
dissolution of feldspars and ferromagnesium minerals by H2CO3

charged water and, therefore, substantiate that PC2 accounts for
the variation in the dataset that is due to varying influence of
weathering processes. Plagioclase (e.g. labradorite in the basalts
and derived sediment; Habgood, 1963) weathering releases Ca2+

and Na+, although weathering of amphiboles (e.g. sediment de-
rived from the semi-pelitic gneiss) and pyroxene (e.g. in sediment
derived from the charnokites and basalts; Fig. 1) may also contrib-
ute to the Ca2+ concentration, whilst Mg2+ may be derived from
mafic minerals. Therefore, the low TDS Ca–(Mg)–HCO3 and mixed
cation–HCO3 type of water (dominant composition in C3) is mainly
influenced by weathering reactions.

PC3 is corroborated by Fig. 5a and b, which show that an
increasing trend in Na+ for C2 samples is accompanied by a corre-
sponding (but incommensurate) decreasing trend in Ca2+ + Mg2+.
The usually invoked mechanism to explain the genesis of
Na–HCO3 type groundwater (characteristic of C2; Fig. 6b) includes
incongruent dissolution of aluminosilicates and carbonates to
release Na+, Ca2+, Mg2+ and HCO�3 , followed by removal by
precipitation of Ca2+ and Mg2+ as authigenic clay silicates and/or
carbonate phases (e.g. smectites, calcite and sepiolite) and/or
cation-exchange reactions between Na+ and the alkaline earth ele-
ments (Toran and Saunders, 1999; Krothe and Parizek, 1979;
Chappelle, 1983; Foster, 1950; Chae et al., 2006; Gascoyne and
Kamineni, 1994; Hanor and McManus, 1988; Lee, 1985). For sam-
ples in C2, TDS is significantly well correlated with Cl� and Na+,
moderately correlated with SO2�

4 and HCO�3 and weakly correlated
with Mg2+. The concentrations of Cl� and Na+ ions are also well
correlated with each other and SO2�

4 ion concentration. In addition,
Na+ is also significantly well correlated well HCO�3 (Table 3).
Despite the strong correlation between Na+ and Cl�, there is varia-
tion in the molar ratio of Na+/Cl� for C2 samples. Some of the C2



Table 3
Correlation (Pearson) matrix of 10 variables computed from the 247 groundwater samples grouped into their clusters.

pH TDS EC SiO2 HCO�3 Cl� SO2�
4

Na+ Ca2+ Mg2+

Cluster 1 pH 1
TDS �0.27 1
EC �0.23 0.99** 1
SiO2 0.07 �0.33 �0.33 1
HCO3

- 0.02 0.05 0.07 0.05 1
Cl� �0.36* 0.89** 0.87** �0.26 �0.02 1

SO2�
4

0.06 0.51** 0.45** �0.11 0.08 0.36* 1

Na+ �0.29 0.92** 0.88** �0.35* 0.09 0.92** 0.55** 1
Ca2+ 0.38* 0.08 0.12 �0.05 0.24 0.04 0.31* 0.06 1
Mg2+ �0.37* 0.32* 0.32* 0.30 �0.04 0.51** 0.21 0.29 0.03* 1

Cluster 2 pH 1
EC �0.02 1
TDS �0.03 0.94** 1
SiO2 �0.29* 0.07 �0.02 1
HCO�3 0.09 0.53** 0.39** 0.06 1
Cl� �0.12 0.66** 0.56** 0.00 0.40** 1

SO2�
4

�0.01 0.58** 0.46** 0.25* 0.33** 0.53** 1

Na+ �0.04 0.79** 0.64** 0.08 0.68** 0.83** 0.70** 1
Ca2+ �0.05 �0.13 �0.07 �0.11 0.01 �0.14 0.07 �0.24* 1
Mg2+ 0.11 0.30* 0.21* 0.11 0.29* 0.43** 0.46** 0.28* 0.20* 1

Cluster 3 pH 1
TDS �0.07 1
EC 0 0.92** 1
SiO2 �0.01 0.39** 0.21* 1
HCO�3 �0.15 0.70** 0.61** 0.47** 1
Cl� 0.14 0.32** 0.44** 0.07 0.20* 1

SO2�
4

�0.1 0.42** 0.53** �0.05 0.21* 0.46** 1

Na+ 0 0.66** 0.62** 0.31* 0.66** 0.45** 0.39** 1
Ca2+ 0.03 0.33** 0.46** �0.05 0.32** 0.40** 0.41** 0.03 1
Mg2+ �0.07 0.36** 0.33** 0.46** 0.64** 0.17 0.08 0.21* 0.30* 1

* Correlation significant at p < 0.05.
** Correlation significant at p < 0.001.

Fig. 11. Dolomite SI versus calcite SI for the groundwater clusters. Water samples are classified according to their clusters (see Fig. 4b for explanation).
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samples cluster around a molar ratio of one and others have high
ratios. Most of the samples that cluster around Na+/Cl� molar ratio
of 1.0, also cluster around HCO�3 /Cl� molar ratio of 1.0 and have
low Ca2+/Cl� and Mg2+/Cl� molar ratios (Fig. 10). In Fig. 9, the
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Na–HCO3 samples are shown to plot in the area between the evap-
orite dissolution and weathering domains. Most of the C2 samples
(Na–HCO3 type) have HCO�3 /Na+ molar ratios of around one but
show low molar Ca2+/Na+ (<0.5; Fig. 9a and c). These observations
corroborate with PC3 suggesting that Ca2+ (and Mg2+) ions, from
hydrolysis of aluminosilicates, are removed from solution by cation
exchange with adsorbed Na+ on the clays and carbonate precipita-
tion to form Na–HCO3 type water. Smectites (which have high
cation exchange capacity) are present in the area downslope of
the basalts and in the areas close to the marshes (Lowole, 1985;
Lockwood, 1970; Habgood, 1963). Carbonate precipitation is
suggested by the fact that most C2 samples are saturated with both
calcite and dolomite (Fig. 11). The increase in Cl�, SO2�

4 concentra-
tions and ionic strength in C2 is attributable to mixing with high
TDS groundwater from the areas of high salinity (C1 samples),
which are in proximity to C2 samples. This also explains why some
of the samples plot in the evaporite dissolution domain in Fig. 9a.

In general, with the exception of distinct areas of brackish/sal-
ine groundwater of the Na–Cl type, the groundwater in the study
area changes from low TDS alkaline earth–HCO3 type to
dominantly Na–HCO3 type along the general direction of flow
(conf. Figs. 2 and 4). This supports the interpretation of PC2 and
PC3 in that low TDS Ca–(Mg)–HCO3 and mixed cation–HCO3 type
of water (dominant composition in C3) evolves into dominantly
Na–HCO3 (dominant composition in C2). In addition, groundwater
salinisation is not necessarily associated with systematic changes
in dominant ionic species from HCO�3 to Cl� (and SO2�

4 ) along the
groundwater flow direction from the recharge area to the
discharge area, but is limited to some distinct areas.
6. Conclusions

The present study shows that the chemical character of ground-
water in the studied area of the lower Shire valley is extremely
variable, with localised areas of predominantly brackish water.
Application of HCA resulted into three clusters: C1 (dominant
composition: Na–Cl; median TDS: 3436 mg L�1), C2 (dominant
composition: Na–HCO3; median TDS: 966 mg L�1) and C3 (median
composition: alkali earths–HCO3; median TDS: 528 mg L�1), which
were described by the principal components PC1, PC3 and PC2,
respectively, resulting from the PCA. The results of the PCA, in
corroboration with geochemical interpretations, suggest that the
spatial variation of groundwater quality in the area is influenced
by the following processes: low TDS samples in C3 samples result
mainly from H2CO3 weathering of aluminosilicate minerals by
percolating water supersaturated with CO2. In addition to alumino-
silicate weathering, intermediate salinity C2 samples are influ-
enced by the processes of cation exchange of Ca2+ and Mg2+ in
the water for Na+ on clay minerals and carbonate precipitation.
The increase in ionic strength of C2 samples is attributed to mixing
with high TDS groundwater in proximity with C2 samples. The
saline/brackish C1 groundwater results from the processes of
evaporation (for samples close to the Shire marshes) and dissolu-
tion of Cl� and SO4-evaporative salts followed by mineralised seep
from sedimentary Karoo and Cretaceous Lupata sandstones.
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a b s t r a c t

The area considered in this study lies within the western section of the East African Rift System (EARS)
and saline groundwater occurs in some parts of the valley plain. Hydrochemical groundwater types were
classified into three groups (G1–G3), indicating different stages of groundwater chemical evolution. An
overall incongruent weathering of aluminosilicate minerals causes the groundwater solution to generally
be in equilibrium with montmorillonite. Ca–(Mg)–HCO3 groundwater (G1), with relatively low TDS (aver-
age TDS = 548 mg/L), are mainly found in areas with Karoo basalt and Precambrian basement complex
rocks. This water type is mainly governed by aluminosilicate weathering. Towards the middle of the val-
ley, Na- and mixed cation-HCO3 groundwater (G2; average TDS = 1061 mg/L) predominates. This water
type results from a combination of aluminosilicate mineral weathering, cation exchange and precipita-
tion of clays and carbonates. The increase in ionic strength of G2 samples, in comparison with G1 sam-
ples, is attributed to mixing with high TDS groundwater in G3. Brackish and saline groundwaters (G3;
average TDS = 3457 mg/L) are dominated by sodium, chloride and sulphate ions, which is attributable
to dissolution of Cl� and SO2�

4 evaporative salts. These are found in clusters and in aquifers with low
recharge capacity (low transmissivity) and are attributable to intrusion of mineralised groundwater prob-
ably through fault zones from mainly sedimentary Karoo and Cretaceous Lupata formations. Evaporation
plays a role in brackish/saline groundwaters found in areas with shallow water table along the Shire
River.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

In the lower section of Shire River valley (Malawi), exploitation
of groundwater resources is of great developmental interest be-
cause of the region’s rural setting and apparent potential for irri-
gated agriculture (Lockwood Survey Cooperation, 1970; Bradford,
1973; Bath, 1980). However, occurrence of groundwater with rela-
tively high salinity, particularly in the unconsolidated deposits in
the valley floor, is a major groundwater quality problem (Davis,
1969; Lockwood Survey Cooperation, 1970; Bradford, 1973; Bath,
1980; Monjerezi et al., 2011a,b; Monjerezi and Ngongondo, 2012).

Salinisation of water resources is one of the most prominent
incidents of water quality degradation, particularly in arid and
semi-arid zones. Identifying the origin of the salinity problem is
crucial for water management, model prediction, and remediation
(Vengosh, 2003). In addition, a good perspective of processes
All rights reserved.

stry, University of Oslo, P.O.
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affecting water quality is essential in locating and sustaining
usable water supplies. Previous related studies have classified rel-
ative productivity and expected water quality of various aquifer
systems in the study area (Bradford, 1973; Bath, 1980), suggested
a link between fault systems and the localised occurrence of saline
groundwater (Davis, 1969) and shown evidence of mixing of fresh
and saline groundwater sources and effect of evaporation for
groundwater resources from shallow water table located close to
the Shire River (Monjerezi et al., 2011b). Monjerezi and Ngongondo
(2012) highlighted the spatial variation in quality and major ion
content of groundwater and its suitability for irrigation and drink-
ing purposes for sustainable agriculture and basic human needs,
respectively. However, these studies have not given detailed and
systematic hydro-geochemistry of fresh and saline groundwater
resources in the area. Monjerezi et al. (2011a) applied Hierarchical
Cluster Analysis (HCA) and Principal Component Analysis (PCA) to
a major ion dataset and proposed the major hydro-geochemical
processes governing the spatial variation in groundwater chemis-
try. This paper provides a conceptual assessment of the dominant
hydro-geochemical processes controlling spatial chemical compo-
sition of the groundwater, by examining the groundwater types

http://dx.doi.org/10.1016/j.jafrearsci.2012.03.012
mailto:mauricm@student.matnat.uio.no
mailto:mmonjerezi@cc.ac.mw
http://dx.doi.org/10.1016/j.jafrearsci.2012.03.012
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(based on major ion data) and geological features. In addition, it
considers the possible salinisation processes in the study area.
2. Materials and methods

2.1. Study area

Malawi is situated in South East Africa (Fig. 1) and lies within
the western branch of the East African Rift System (EARS). The low-
er Shire River valley occupies the southernmost part of the Malawi
rift. This study focuses on its upper district of Chikhwawa (Fig. 1).
The area has low slope and relief (range 50–107 m above sea level),
with the valley floor ranging from 50 m to 76 m above sea level.
The Shire River, the biggest river in Malawi, runs through the valley
accounting for outflow from Lake Malawi to Zambezi River. The
area has a tropical climate of Sahelo-Sudanese type, i.e. influenced
by the Inter-Tropical Convergence Zone (ITCZ). During the rainy
season the lower part of the valley floor experiences annual flood-
ing, mainly from the Shire River (Hutcheson, 1971).

Situated within the EARS, the lower Shire Valley is intensely
faulted (Fig. 1) (Habgood, 1963; Castaing, 1991; Chapola and
Kaphwiyo, 1992). The area is underlain by a basement of pre-
Cambrian to lower Palaeozoic high grade charnockitic granulites
and biotite-hornblende gneisses (semi-pelitic), referred to as the
Malawi Basement Complex (Habgood, 1963; Carter and Bennet,
1973; Bloomfield, 1966; Morel, 1989). Overlying these basement
rocks on the western bank of the Shire River are Karoo sedimentary
Fig. 1. Map of the study area showing location, geology (
rocks (Fig. 1; Habgood, 1963; Castaing, 1991). The Karoo sedimen-
tary formation comprises a complex sequence of sandstones, shale,
marls with interbedded volcanic and coal units and ranges in age
from upper Permian to upper Triassic (Habgood, 1963). The Karoo
sedimentary formation is unconformably overlain by Cretaceous
sediments (Fig. 1), which also consists of sandstones, shale and
marls. Apart from the outcropping areas, there have been proven
exposures under the valley colluviums (Habgood, 1963; Fig. 1).
The climax of the Karoo faulting was the eruption of volcanic basalts
(represented by the outcrop shown in Fig. 1) and dolerites during
early Jurassic period. Also present are hydrothermal fault rocks,
associated with Karoo boundary faults. The floor of the lower Shire
River valley is a piedmont plain consisting of a large amount of
poorly sorted unconsolidated Cenozoic alluvium and colluviums,
derived from surrounding consolidated rocks (Habgood, 1963).
The material therefore contains plagioclase, pyroxene, biotite and
hornblende (Habgood, 1963). Rock-forming minerals show alter-
ation resulting in pockets of dolomite, calcite, ankerite, and siderite
and pseudomorphs of smectite after augite and olivine. The cement-
ing material is universally iron stained crystalline calcite (Habgood,
1963).

The hydrogeology of the area has been reported upon by
Bradford (1973). The main aquifer units, in order of increasing
importance as groundwater resources are (1) the weathered and/
or fractured basement rocks, (2) Karoo and Cretaceous sedimen-
tary rocks, (3) weathered basalts and (4) the unconsolidated allu-
vial deposits. In general, water level contours indicate a regime
of groundwater flow towards the central axis of the valley
adapted from Habgood, 1963) and sample locations.



Fig. 2. (a) Piper diagram for the groundwater samples, showing the division into
three groups. (b) Average chemical composition of the three groups of groundwater.

Fig. 3. Spatial distribution of EC and its relationship with the sample groups. The
geological units and other features are as explained in Fig. 1. Surface maps were
created using Inverse Distance Weighted (IDW) method in ArcGIS 9.2.
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(towards Shire River; Bradford, 1973; Monjerezi et al., 2011a;
Sehatzadeh, 2011). Close to the marsh area (on the unconsolidated
alluvial deposits), the water table is usually found within 3–6 m
depth. The aquifers are lenticular in shape and of limited lateral ex-
Table 1
Descriptive statistics for 247 groundwater samples, divided into sample groups (see text)

Parameter Group 1 Group 2

Mean Median Max Min Mean Med

pH 7.41 7.48 8.68 5.00 7.45
EC (lS/cm) 1002.75 956.92 3053.03 224.00 1790.16 155
TDS (mg/L) 547.70 488.00 5648.00 22.00 1061.47 87
SiO2 (mg/L) 49.44 44.00 118.00 3.00 51.39 4

CO2�
3 (mg/L) 32.86 0.00 569.51 0.00 22.84

HCO�3 (mg/L) 459.71 460.50 1376.00 65.00 708.58 70
Cl� (mg/L) 46.84 35.00 428.00 3.80 133.23 7

SO2�
4 (mg/L) 29.65 15.55 228.00 1.10 73.89 5

Na+ (mg/L) 55.06 45.00 213.00 10.00 286.58 21
K+ (mg/L) 2.10 1.25 19.70 0.10 2.81
Ca2+ (mg/L) 89.89 80.00 338.00 12.00 60.61 5
Mg2+ (mg/L) 38.99 36.11 185.04 7.50 34.07 3
SIGypsum �2.45 �2.44 �1.00 �3.87 �2.29 �
SIDolomite 0.97 1.18 3.98 �3.63 1.01
SICalcite 0.44 0.55 2.06 �1.92 0.41
SIHalite �7.42 �7.46 �5.72 �9.03 �6.36 �
SIChalcedony 0.35 0.37 1.38 �0.81 0.35
log ½PCO2 (atm) �1.75 �1.86 0.81 �3.34 �1.62 �
logaH4SiO4

�3.11 �3.14 �2.11 �3.77 �3.11 �
tent, but there is partial hydraulic continuity between water in the
weathered bedrock at the valley sides and water in the alluvium in
the valley floor. Non-flowing confined aquifers with upward leak-
age is what is generally found in the valley floor (Bradford,
1973). Hot springs are found along the Mwanza Fault, representing
the most recent stages of the Cretaceous hydrothermal activities
(Cooper and Bloomfield, 1961).
used in the study.

Group 3

ian Max Min Mean Median Max Min

7.40 9.00 6.00 7.12 7.00 9.01 5.00
4.55 5670.00 430.00 5987.10 3817.87 36000.00 930.00
1.25 3640.00 16.00 3457.10 2170.04 26538.00 340.51
2.00 174.00 2.00 42.05 37.00 160.00 10.00
0.00 222.00 0.00 25.66 0.00 468.00 0.00

5.00 2410.00 178.00 682.01 623.50 3110.00 77.00
7.10 782.10 20.00 1397.52 613.50 11767.00 15.30
0.00 349.00 4.00 435.65 223.50 2600.00 7.00

5.00 1034.00 55.00 924.07 557.29 8320.00 37.00
2.00 34.11 0.10 7.16 3.00 189.04 0.20
5.56 224.80 6.10 189.61 125.50 877.78 24.00
5.01 84.02 1.00 130.82 79.38 1302.27 5.00
2.30 �1.33 �3.80 �1.51 �1.48 �0.01 �2.88
1.03 3.83 �3.15 0.83 0.90 4.57 �4.75
0.38 1.87 �1.61 0.30 0.36 2.61 �2.40
6.46 �4.84 �7.53 �5.10 �5.20 �2.80 �7.90
0.34 0.93 �1.04 0.33 0.29 1.38 �0.28
1.60 �0.15 �3.14 �1.36 �1.30 0.60 �3.27
3.14 �2.56 �3.66 �3.19 �3.21 �2.11 �4.53



Fig. 4. Logarithmic activity diagrams depicting equilibrium phase relationships among stoichiometric minerals and aqueous solution in the system (a) CaO–Al2O3–SiO2–H2O,
(b) CaO–MgO–SiO2–Al2O3–H2O and (c) CaO–Na2O–SiO2–Al2O3–H2O, at 25 �C, 1 bar, unit activity of H2O and log activity H2SiO4 = �3.14 (for (b and c)). (d) Phase relationships
among clay mineral solid solutions, metastable disordered K-feldspar and aqueous solution in the system K2O–Al2O3–SiO2–H2O (Aagaard and Helgeson, 1983). Stability data
for solid phases are from thermodynamic data given in Helgeson (1969). Data symbols are categories according to their sample groups (see Fig. 2).
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2.2. Groundwater sampling and analytical methods

Water samples were collected from shallow boreholes and hand
dug open wells used for rural water supply (Fig. 1) using standard
sampling procedures (APHA, 2005; ISO 5667-11:1993). The shallow
boreholes were drilled typically to depths between 20 and 67 m,
whilst the wells are610 m deep. Most of the samples were collected
in the valley centre. All samples were measured for physical charac-
teristics and analysed for main chemical components using standard
methods; temperature, pH (ISO 10523-1:1994) and electrical
conductivity (EC) (ISO 7888:1985) were measured in the field,
whilst the rest of the parameters (Na+, Ca2+, Mg2+, K+, CO2�

3 , HCO�3 ,
Cl�, NO�3 , SO2�

4 , SiO2 and total dissolved solids (TDS)) were deter-
mined at Chancellor College, University of Malawi. Total concentra-
tions of major base cations were determined using flame atomic
absorption spectroscopy (Buck Scientific Model 200A). Titrimetric
methods were used to determine the concentration of chlorides
(AgNO3) and carbonates (acid). Molecular absorption spectroscopy
(JENWAY 6405) was used to determine the amount of silicate
(molybdenum blue). The concentration of sulphates was deter-



Fig. 5. (a) Spatial distribution of transmissivity values (data from Bradford, 1973). The geological units and other features are as explained in Fig. 1. (b) Variation salinity (EC)
with aquifer transmissivity.

Fig. 6. Plots showing relationship of (a) Ca2+, (b) Mg2+ and (c) Na+ with HCO�3 and (d) Ca2+ with Na+. Lines marked ‘‘A’’ are regressions through Group 1 samples and marked
‘‘B’’ are regressions through Group 2 samples.
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mined turbidimetrically (barium sulphate; APHA, 2005). Total
dissolved solids (TDS) were determined gravimetrically by evapora-
tion (APHA, 2005). This dataset of the groundwater chemistry in
lower Shire Valley was augmented with unpublished data on the
concentrations of major ions in groundwater samples collected from
other parts of the area provided by the Central Water Quality labo-
ratory, Lilongwe, Malawi. The quality of the chemical data was
assessed by inter-calibration and by checking ion balances. The anal-
ysis of major cations was repeated for a selection of samples at the
Geological Survey Department, Zomba, Malawi. Calculated charge



Fig. 7. Plots showing relationship of (a) Na+, (b) Ca2+, (c) Mg2+ and (d) HCO�3 with chloride ion concentration for all groups.
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balance errors were found to be less than or equal to ±10%, with an
overall good correlation between total cations and total anions
(meq L�1) (y = 0.98x; R2 = 0.978).

The groundwater samples were classified into water types based
on the dominant anion (or cation) exceeding 50% of total anionic (or
cationic) charge. The geochemical modelling program PHREEQC
v2.16 (Parkhurst and Appelo, 1999), implemented with MINTEQ.v4
database (Allison et al., 1991), was used to calculate saturation indi-
ces (SIs) with respect to the main mineral phases, theoretical partial
pressure of CO2 in water (PCO2 ) of each water sample and activities of
aqueous species. Inverse geochemical models were also formulated
in PHREEQC (Parkhurst and Appelo, 1999) to account for observed
changes between the identified principal groups of groundwater
(based on hydrochemical facies). The models were formulated so
that primary mineral phases reported to be present, such as horn-
blende, labradorite, pyroxene and biotite, were constrained to dis-
solve until they reach saturation, whereas calcite, dolomite,
chalcedony, ankerite, siderite and smectite were set to precipitate
once they reached saturation. Halite and gypsum were included as
sources of Cl� and SO2�

4 , respectively. Cation exchange (Ca2+, Mg2+,
Na+, K+) was also included in the model (Bradford, 1973; Bath,
1980; Monjerezi et al., 2011a). Carbon dioxide gas was assumed
to be available throughout the flowpath.
3. Results and discussion

3.1. Groundwater types and groups

The Piper diagram (Fig. 2a) depicts a large variation in groundwa-
ter chemistry. Groundwater types (based on major ions) were
clustered into three main groups (Fig. 2): Group 1 (alkaline earths–
HCO3), Group 2 (mixed cation–HCO3 and Na–HCO3) and Group 3
(chloride, sulphate and mixed anion). These groups correspond to
clusters C3, C2, C1, respectively, obtained using hierarchical cluster
analysis by Monjerezi et al. (2011a). Group 1 (G1) samples, repre-
senting 40% of all samples, are characterised by relatively low salin-
ity (Fig. 2b; Table 1) (median TDS = 488 mg/L; Table 1). These are
mainly distributed in the outcropping areas on the eastern bank
and parts of the western bank of Shire River (Fig. 3). Towards the val-
ley centre sodium bicarbonate (G2) to sodium chloride waters (G3)
predominate. G2 samples (median TDS = 871 mg/L; Table 1), repre-
senting 34% of the samples, are prevalent in a plain forming a region
across the length of the valley (Fig. 3). These samples are character-
ised by high values of HCO�3 (median = 11 meq L�1) with low values
of Ca2+ (median = 2.7 meq L�1) (Fig. 2b). Samples categorised into G3
represent the remaining 26% of the samples and are characterised by
relatively high salinity (Fig. 2b; Table 1), with median TDS = 2170
mg/L; average TDS = 3457 mg/L (Table 1). Most (75%) of the G3 sam-
ples are brackish (1000 mg/L < TDS 6 10,000 mg/L) and 8% are saline
(10,000 mg/L < TDS 6 100,000 mg/L) (based on Freeze and Cherry,
1979). These samples are prevalent near Shire River (and/or
marshes) and in the drift derived from Cretaceous Lupata Sand-
stones as well as close to the deeply faulted Karoo sedimentary
sequence, containing the Lengwe basin (Fig. 3). In comparison with
samples in the other groups, they exhibit elevated concentrations
of Na+, Ca2+, Cl�, Mg2+ and SO2�

4 (Fig. 2b).

3.2. Major solute trends and equilibria

In general, groundwater increases in dissolved solids content
down-slope towards Shire River. A major exception is selected



Fig. 8. (a) Plot of (Ca2+ + Mg2+)–(SO2�
4 + HCO�3 ) against (Na+ + K+)–Cl� (meq L�1), to indicate the influence of cation exchange for Group 1 samples. (b) Plot of (Ca2+ + Mg2+)–

(SO2�
4 + HCO�3 ) against (Na+ + K+)–Cl� (meq L�1), to indicate the influence of cation exchange for Group 2 samples. (c) Plot of logPCO2 against TDS. (d) Plot of saturation indices

of dolomite against calcite. Plots (b–d) are for samples in G2 (carbonate precipitation and cation exchange are important for samples with crossed squares and closed squares,
respectively).
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areas with distinct brackish/saline groundwater (Fig. 3). High salin-
ity is mainly ascertained by the predominance of Cl� and Na+ ions,
whereas Ca2+ + Mg2+ and HCO�3 are the dominant ions in water
samples with low total ionic content (Fig. 2b). All samples have
logPCO2 values significantly above the atmospheric value (mini-
mum = �1.86; Table 1), indicating that oxidation of organic matter
may be a contributor to the material balance. Saturation index cal-
culations show that most groundwaters are saturated with respect
to chalcedony, calcite and dolomite, but are undersaturated in re-
gards to halite and gypsum (Table 1).

Groundwater chemistry plotted on log activity diagrams (Fig. 4)
suggest that most of the samples are in equilibrium with montmo-
rillonite. Fig. 4d shows an activity diagram generated using random
mixing approximations for equal interactions of cations on equiva-
lent structural sites in illites, montmorillonites and mixed layer
clays. This allows better depiction of the relative stabilities of natu-
rally occurring multi-component minerals of highly variable com-
position (Aagaard and Helgeson, 1983). It can be seen in Fig. 4d
that the bulk of groundwater samples are consistent with kaolinite
coexisting with montmorillonite or mixed clays. Stability with
mostly montmorillonite (in relation to kaolinite) can be understood
in terms of flow conditions and duration. The clay fraction of soils
from the study area is dominated by montmorillonite or illite with
increasing proportions of montmorillonite (Lockwood Survey
Cooperation, 1970; Bradford, 1973). In addition, there are areas of
low transmissivities (Fig. 5) and hydraulic gradient (see Bradford,
1973; Monjerezi et al., 2011a; Sehatzadeh, 2011) in the valley plain.
These conditions support stability in the montmorillonite field.
Stability in the kaolinite field indicates well drained conditions as
well as short reaction paths, whilst the more common restricted
groundwater flow and long residence times favour the montmoril-
lonite field (Appelo and Postma, 2005; Drever, 1997). In addition,
activity–activity ratios of ions in the groundwater samples describe
a line with a 1:1 slope in the logaCa2þ=a2

Hþ versus logaMg2þ=a2
Hþ plot

(Fig. 4b) and a 2:1 slope in the logaCa2þ=a2
Hþ versus logaNaþ=aHþ

diagram (Fig. 4c). These lines are concordant with a theoretical
reaction path expected for mineral dissolution by dilute carbonic
acid solution (Helgeson et al., 1969; Helgeson, 1970; Norton,
1974) and for formation of Ca/Na-beidellite (Thomas et al., 1989).
Furthermore, most of the groundwater samples in the area have
relatively high values of silica and show saturation with regards
to chalcedony (SiO2) (Table 1).

3.3. Hydro-geochemistry of groundwater with relatively low salinity

Bicarbonate increases linearly with Ca2+, Mg2+ and Na+ (Fig. 6a–
c) for low TDS groundwater (Group 3). These samples have overall
Ca2+/HCO�3 , Mg2+/HCO�3 and Na+/HCO�3 molar ratios of 0.29 (R2 =
0.45; p < 0.0001), 0.21 (R2 = 0.52; p < 0.0001) and 0.29 (R2 = 0.35;
p < 0.0001), respectively (Fig. 6a–c) and median molar HCO�3 /Si ratio
of 8.3. In addition, Na+ generally increases with Ca2+ (Fig. 6d) but it is
not balanced with equivalent amounts of chloride (Fig. 7a). These
observations are consistent with weathering of feldspars and ferro-
magnesium minerals by carbonic acid. Ca2+ and Na+ may be derived



Table 2
Chemical characteristics of end members used for PHREEQC inverse modelling.a

Models Solution 1 Solution 2 pH SiO2 HCO�3 Cl� SO2�
4

Na+ K+ Ca2+ Mg2+

(mmol/
L)

(mmol/
L)

(mmol/
L)

(mmol/
L)

(mmol/
L)

(mmol/
L)

(mmol/
L)

(mmol/
L)

Model
1A

Sample 110 7.40 0.75 7.59 0.5 0.14 1.52 0.01 2.30 1.34

Sample 130 7.86 1.10 5.41 0.9 0.16 1.74 0.02 1.67 1.31
Model

1B
Sample 125 7.80 0.90 9.23 3.0 0.53 10.87 0.01 1.28 1.84

Sample 151 7.00 1.21 39.51 6.5 2.65 44.96 0.01 1.37 0.82
Model

2A
Sample 227 7.17 NA 8.98 0.3 0.22 2.57 0.01 2.77 0.76

Sample 212 5.00 0.88 8.44 1.7 0.50 3.87 0.01 2.02 1.85
Model

2B
Sample 212 5.00 0.88 8.44 1.7 0.50 3.87 0.01 2.02 1.85

Sample 159 7.00 1.07 14.26 1.1 0.99 11.13 0.01 1.80 1.07
Model

3A
Mean G1 (basalts) 7.11 0.98 8.46 1.25 0.38 2.85 0.03 2.21 1.66

Mean G2 (basalts) 7.46 1.00 13.38 3.06 1.01 13.55 0.05 1.54 1.69
Model

3B
Mean G1 (basement
complex)

7.54 0.79 8.32 1.35 0.34 2.65 0.10 2.52 1.80

Mean G2 (basement
complex)

7.49 0.93 9.79 2.78 0.57 9.05 0.13 1.52 1.27

a For inverse modelling, models labelled ‘‘A’’ refer to the first part of the path (Group 1 samples) and ‘‘B’’ refer to the second part of the path (Group 2 samples). ‘‘1’’ and ‘‘2’’
refer to paths 1 and 2 respectively. See Fig. 9b for the location of the paths.

Fig. 9. Spatial distribution of chloride ion concentration (meq L�1), showing areas of high salinity (a). The areas of high salinity are shown in greater detail in (b). Surface maps
were created using Inverse Distance Weighted (IDW) method in ArcGIS 9.2. The geological units and other features are as explained in Fig. 1a. The dashed lines indicate the
loci of two flow paths used in inverse geochemical modelling using PHREEQC.
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from weathering of plagioclase, amphiboles and pyroxene, whilst
Mg2+ is derived from weathering of mafic minerals.

Groundwater samples in Group 2 have higher Na+ and HCO�3
concentrations than Group 1 samples, with a relative (but not
matching) decrease in Ca2+ and Mg2+ concentrations (Fig. 2b).
There is also a linear relationship between HCO�3 and Na+ concen-
trations, with a Na+/HCO�3 molar ratio of 1.12 (R2 = 0.62, p < 0.0001;
Fig. 6c). The increase in Na+ for G2 samples is generally not coupled
to a matching increase in Cl� (Fig. 7a), implying an additional
source of Na+, such as silicate weathering and/or cation exchange.
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The samples also exhibit a generally lower than 1:1 increase in
Ca2+ and Mg2+ with Cl� (Fig. 7b and c), consistent with solutes that
are gradually removed from solution by a variety or combination of
processes, such as carbonate mineral precipitation, and cation ex-
change (Eugster and Jones, 1979). On average, G2 samples also ex-
hibit higher ionic content and concentrations of Cl� and SO2�

4 than
G1 samples (Fig. 2b), which is attributable to mixing with high EC
groundwater (G3) (cf. Monjerezi et al., 2011b), which appear in the
proximity of G2 samples (Fig. 3).

The relative importance of cation exchange and carbonate pre-
cipitation depends on the local conditions, such as the presence of
minerals with both high cation exchange capacities (CECs) and am-
ple Na+ on their exchange sites. Clays (illite and montmorillonite)
are abundant in the peneplain where the samples in G2 are distrib-
uted. Calcium carbonate concretions are also found in the subsoils
of most fine textured soils and vertisols (Habgood, 1963). The ver-
tisols have both high CEC and exchangeable Na+ content, contribut-
ing to poor drainage conditions (Lowole, 1985; Lockwood Survey
Cooperation, 1970). The influence of cation exchange was evalu-
ated by an equivalent bivariate plot of corrected divalent cations
versus corrected Na+ + K+ (Fig. 8a and b). Concentrations of divalent
cations (Ca2+ and Mg2+) that may have been involved in base ex-
change reactions were calculated by subtracting equivalent con-
centrations of associated anions (HCO�3 and SO2�

4 ) that would be
derived from other processes (e.g. silicate weathering or carbonate
and gypsum dissolution). Similarly, Na+ that may be derived from
the aquifer matrix can be accounted for by assuming that Na+

(and K+) contributions of meteoric origin as well as halite dissolu-
tion would be balanced by equivalent concentrations of Cl�

(McLean and Jankowski, 2000; Kortatsi et al., 2008). For cation ex-
change activity between Ca2+ (and Mg2+) and Na+ (and K+) the
slope of this bivariate plot should be �1 (i.e. y = �x) (Jankowski
et al., 1998). Fig. 8a and b suggests that cation exchange activity
is an important factor in the hydrochemistry of groundwater in
G2, but not as much for G1 samples. A vast majority of G2 samples
plot within the second quadrant (negative ordinate and positive
abscissa), implying that Na+ (and K+) are enriched relative to Ca2+

and Mg2+ (Fig. 8b). However, there are also samples in G2 that
deviate from the y = �x line. These samples are saturated with re-
spect to calcite and dolomite (Fig. 8d) and are therefore also af-
fected by carbonate precipitation. On the other hand, the samples
that plot along the y = �x line (i.e. show effect of cation exchange)
in Fig. 8b, exhibit high PCO2 values (�logPCO2 > 1.5; Fig. 8c) and are
undersaturated with respect to calcite and dolomite (Fig. 8d). The
chemical composition of the other samples in G2 can be explained
by a combination of cation exchange and carbonate precipitation.
Fig. 10. Variation of Na+, Mg2+ and Ca2+ ion concentrations along paths 1 and 2 (See
Fig. 9 for location of the flow paths). The lines are plots of a lowess function (dashed
for path 2).
3.3.1. Inverse modelling
In general, G2 samples are located downstream of G1 samples,

permitting inverse geoche mical modelling between the two
groups of samples (e.g. Güler and Thyne, 2004). Because of the dif-
ferences in geology, samples associated with the basalts were trea-
ted separately from those associated with the semi-pelitic
gneisses. For both cases, the average chemical parameter values
for G1 samples and their corresponding downstream G2 samples
were used to represent ‘initial’ and ‘final’ groundwater, respec-
tively (e.g. Güler and Thyne, 2004). The chemical end-members
considered in the inverse modelling are given in Table 2. Inverse
geochemical modelling was also conducted for two hypothetical
flow paths (Fig. 9b) from the basalt outcrop to the marshes, repre-
senting the evolution of G1–G2 groundwater along flow path.
Fig. 10 shows the variation of Na+, Mg2+ and Ca2+ along the two
hypothetical flow paths and shows that the small decrease in
Mg2+ and Ca2+ is in general accompanied by increase in Na+ upon
change from G1 to G2 samples.
The results of the inverse geochemical modelling are summa-
rised in Table 3. The models were selected based on statistics cal-
culated by PHREEQC (sum of residuals and maximum fractional
error) and size of mole transfers (>1 mol considered are not realis-
tic) (e.g. Rosenthal et al., 2007). The models were also selected to
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represent different possible combinations of reactants and prod-
ucts that can account for the change in water chemistry. The se-
lected possible models corroborate that the major process
influencing the hydro-geochemistry of G1 samples is weathering
of plagioclase and ferromagnesian minerals leading to chalcedony
precipitation (Table 3). Cation exchange enriches Na+ relative to
Ca2+ and Mg2+ for the G2 samples. In addition, weathering of bio-
tite and hornblende (in the semi-pelitic gneisses), labradorite and
pyroxene (basalts) prevent decrease in Ca2+ and Mg2+, which is
commensurate to the gain in sodium. Some Ca2+ and Mg2+ ions
are also removed from solution by formation of Ca/Mg-montmoril-
lonite and carbonate precipitation (Table 3).

3.4. Hydro-geochemistry of groundwater with relatively high salinity

A summary of chemical characteristics of samples with rela-
tively high TDS (from Group 3) is given in Table 4. The samples
with high salinity are characterised by high PCO2 values, high sul-
phate (in addition to high chloride) content and undersaturation
with respect to calcite and dolomite (Table 4). There is a strong lin-
ear correlation between Na+ and Cl� ([Na+] = 0.92[Cl�]; R2 = 0.87;
P < 0.001; Fig. 7a), consistent with both evaporite dissolution and
effects of evaporation, which are the most reported sources of
salinity in semi-arid and arid basins (Richter and Kreitler, 1993;
Edmunds et al., 2003). However, there is no systematic linear rela-
tionship between Cl� ions and other constituents (Fig. 7), as would
be expected for up-concentration by evaporation. Up-concentra-
tion by evaporation is expected to preserve ionic ratios of the ori-
ginal groundwater, except in the cases where precipitation of less
soluble salts such as carbonates and gypsum limits the levels of
Ca2+, Mg2+, HCO�3 and SO2�

4 . Gypsum is below saturation in all the
samples and some of the most saline samples are below saturation
in respect to dolomite and calcite (Table 4). Thus precipitation of
these minerals is unlikely for most of the high TDS samples. In
addition, groundwater samples were taken at depths >20 m (with
the exception of sample 228 [depth = 1 m]), which is greater than
the depths at which direct evaporation from the water table would
be effective. The localised occurrence of salinity also precludes
evaporation as a general driver of groundwater salinity. However,
evaporation may be locally important in low lying areas near the
Shire River, where the water table is high (within 1.5 m) (Bath,
1980; Monjerezi et al., 2011b). In this area, transmissivities
(Fig. 5a) and hydraulic gradients (see Bradford, 1973; Monjerezi
et al., 2011a; Sehatzadeh, 2011) are low, suggesting very slow
groundwater flow, which coupled with a shallow water table,
may enhance effects of evaporation. Patches of saline and sodic
soils also occur in this area.

Dissolution of evaporite minerals increases specific ionic spe-
cies depending on the composition of the minerals present (e.g.
Ca2+ and SO2�

4 from gypsiferous evaporites or Cl� and Na+ from ha-
lite), which may not be necessarily in proportion to Cl� (e.g. Drever
and smith, 1978). Fig. 11a and b shows the Na+/Cl� ratio for the
samples in G3 plotted against Cl� ion concentration and
(Ca2+ + Mg2+)/SO2�

4 (in meq L�1), respectively. The majority of the
Na–Cl type groundwater samples have molar Na+/Cl� ratios close
to unity as expected for the dissolution of halite. Samples whose
ionic composition is dominated by sulphates (Na2–SO4 and Ca–
SO4 type) have molar Na+/Cl� > 1, but generally plot along a molar
(Ca2+ + Mg2+)/SO2�

4 ratio of unity, indicating a possible gypsum con-
trol (Richter and Kreitler, 1993). Therefore, evaporite mineral dis-
solution is a plausible process that could govern the observed
main variation in Cl� and Na+ concentrations and hence the overall
source of salinity. However, molar Na+/Cl� ratios vary widely
(0.27–4.38; average 1.38) for the other types of water, indicating
influence of other processes. Molar Na+/Cl� ratios higher than
one may be due to cation exchange (bound Na+ for Ca2+ and



Table 4
Chemical characteristics of samples with relatively high salinity from the study area.

Sample no. Depth (m) EC pH Ca2+ Mg2+ Na+ K+ Cl� SO2�
4

HCO�3 SiO2 LogPCO2 Saturation indices Type

(lS/cm) (mmol/L) (atm) Gypsum Dolomite Calcite Halite

16 – 6888.78 6.10 2.00 8.04 48.70 0.12 52.0 1.67 15.64 0.58 �0.05 �1.90 �0.50 �0.67 �4.41 Na–Cl
22 – 9445.71 7.53 3.99 5.19 76.09 0.02 26.3 27.08 19.67 NA �1.52 �0.62 1.98 0.80 �4.55 Na–SO4

34 – 5019.00 7.74 2.02 2.34 40.43 0.14 22.0 1.17 26.39 0.38 �1.56 �1.94 2.55 1.12 �4.84 Na–HCO3

96 – 16465.23 5.50 4.79 53.58 47.83 0.08 144.6 1.86 10.59 1.56 0.26 �1.83 �1.24 �1.25 �4.03 Mg–Cl
119 – 20081.07 7.20 14.87 23.41 123.91 0.33 170.1 6.40 5.64 0.32 �1.81 �0.77 1.54 0.56 �3.54 Na–Cl
132 – 5466.90 8.24 6.73 9.08 23.04 0.02 22.4 3.00 13.39 0.78 �2.10 �1.17 4.48 2.04 �5.09 Na–HCO3–Cl
138 – 12091.96 7.30 19.99 4.77 66.57 4.83 42.5 4.91 50.98 – �0.91 �0.68 3.12 1.74 �4.39 Na–HCO3–Cl
147 25.3 6093.62 8.00 1.02 6.83 45.22 0.01 31.0 5.92 20.66 0.77 �1.97 �1.65 2.83 0.88 �4.66 Na–Cl
158 45.7 7296.47 7.00 9.33 5.39 43.39 0.13 60.2 2.64 12.33 0.45 �1.20 �1.07 1.30 0.66 �4.40 Na–Cl
164 39.6 6330.00 7.00 8.93 2.63 39.65 0.03 45.6 2.83 15.08 1.16 �1.10 �1.02 1.18 0.74 �4.55 Na–Cl
165 55.5 5600.00 7.00 14.00 0.82 25.43 0.10 47.3 0.08 9.51 0.80 �1.32 �2.35 0.54 0.78 �4.72 Ca–Na–Cl
166 53.0 17500.00 7.00 12.58 11.23 131.96 0.05 167.9 2.00 11.54 0.42 �1.28 �1.28 1.45 0.64 �3.52 Na–Cl
169 65.8 6050.00 8.00 1.32 0.99 57.30 0.10 26.9 6.71 28.85 0.47 �1.81 �1.48 2.34 1.10 �4.63 Na–HCO3–Cl
171 45.7 21503.81 7.00 9.83 30.04 135.22 0.08 164.5 22.59 12.36 0.63 �1.26 �0.48 1.61 0.45 �3.53 Na–Cl
172 – 13100.00 7.00 10.85 13.33 97.39 0.05 127.3 4.82 10.39 0.33 �1.31 �0.93 1.40 0.54 �3.76 Na–Cl
176 50.0 5389.07 7.00 2.87 3.50 41.13 0.03 45.2 0.09 9.25 0.53 �1.21 �2.88 0.72 0.21 �4.53 Na–Cl
177 43.3 14339.59 7.00 1.87 7.82 123.91 0.10 112.7 11.66 18.85 0.30 �1.02 �1.29 0.86 0.00 �3.71 Na–Cl
191 43.3 5526.97 7.00 4.97 4.44 36.35 0.10 25.6 7.53 11.02 0.65 �1.22 �0.82 0.87 0.34 �4.83 Na–Cl
209 35.1 10500.00 6.00 7.09 16.30 68.87 0.08 25.1 25.36 17.11 0.88 �0.06 �0.43 �0.41 �0.51 �4.61 Na–SO4

217 44.8 6410.00 6.00 1.67 6.42 52.17 0.03 52.2 2.81 11.97 0.55 �0.19 �1.72 �1.33 �1.07 �4.38 Na–Cl
218 51.8 36000.00 6.00 2.22 8.15 361.74 1.05 331.5 23.96 12.66 0.22 �0.24 �1.12 �1.60 �1.20 �2.80 Na–Cl
219 42.7 11950.00 6.00 5.19 10.70 93.91 0.05 109.2 3.31 12.20 0.37 �0.22 �1.34 �0.79 �0.66 �3.84 Na–Cl
220 39.6 6679.53 6.00 3.69 5.27 48.70 0.18 48.8 2.82 13.64 0.50 �0.14 �1.38 �0.96 �0.67 �4.44 Na–Cl
224 – 6538.48 7.86 16.21 4.07 24.76 0.05 5.7 22.94 7.12 – �2.32 �0.01 2.37 1.37 �5.67 Ca–SO4

225 – 8550.00 9.01 15.42 1.82 45.87 0.13 13.9 20.90 17.98 – �3.27 �0.13 4.57 2.61 �5.03 Na–SO4

228 1.0 11020.00 7.17 21.90 2.96 60.13 0.34 54.5 10.33 5.99 – �1.72 �0.26 0.93 0.79 �4.32 Na–Cl
238 – 5670.00 7.58 1.39 0.31 40.40 0.07 14.2 0.22 13.55 – �1.54 �2.70 1.03 0.72 �5.01 Na–HCO3

239 45.4 7461.51 7.33 5.13 2.93 58.41 0.08 56.6 0.22 15.11 – �1.43 �2.34 1.68 0.85 �4.29 Na–Cl
246 42.0 15540.00 6.70 3.45 9.87 121.49 0.08 136.8 1.29 12.16 – �0.91 �1.87 0.45 �0.11 �3.92 Na–Cl
247 50.0 8160.00 6.60 2.39 7.02 63.20 0.06 63.2 4.20 15.25 – �0.69 �1.42 0.22 �0.24 �4.43 Na–Cl

Only samples with EC > 5000 lS/cm are shown.
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Fig. 11. Plots of (a) molar chloride concentrations versus molar Na+/Cl� ratio, (b) molar (Ca2+ + Mg2+)/SO2�
4 ratio versus molar Na+/Cl� ratio, (c) (Ca2+ + Mg2+)–(SO2�

4 + HCO�3 )
against (Na+ + K+)–Cl� (meq L�1), to indicate the influence of cation exchange for Group 3 (G3) samples, and. All plots are for samples in G3 samples, showing their water
types.
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Mg2+ in solution) or weathering of plagioclase. Cation exchange of
aqueous Na+ with bound Ca2+ (and Mg2+) would lead to molar Na+/
Cl� < 1. The effect of cation exchange for these samples can be seen
in Fig. 11c, in which most of the samples plot close to the line of �1
slope. The samples with molar Na+/Cl� > 1 (in Fig. 11a) plot within
the fourth quadrant (positive ordinate and negative abscissa) in
Fig. 11c. This implies that Ca2+ and Mg2+ are enriched relative to
Na+ and K+. Whereas those with molar Na+/Cl� < 1 plot within
the second quadrant (negative ordinate and positive abscissa),
implying that Na+ (and K+) are enriched relative to Ca2+ (and
Mg2+). Therefore, in addition to evaporite mineral dissolution, mix-
ing with fresh groundwater (dilution), mineral equilibria and base
ion exchange control the overall composition of the brackish/saline
groundwater.

However, dissolution of evaporite salts along flow path (as a
salinisation mechanism) is associated with systematic changes in
dominant ionic species from HCO�3 to Cl� (and SO2�

4 ) from the re-
charge area to the discharge area (e.g. Nativ et al., 1997; Guendouz
et al., 2003; Feng et al., 2004; Guo and Wang, 2004). In the study
area, salinity also occurs in localised zones with limited lateral ex-
tent (Figs. 3 and 9). These areas of relatively high salinity are coin-
cident with major normal faults in the area. For example, sample
218 (at Ndakwera; Fig. 1) recorded the highest salinity encoun-
tered in the study area (Table 4). It was collected from the sedi-
mentary Karoo aquifer (Bradford, 1973), which is intersected by
numerous normal faults (see Habgood, 1963; Castaing, 1991).
Samples 116, 119, 177, 225, 96 and 171 (conf. Figs. 1 and 9) are
associated with the subsurface extension of the Mwanza fault
(see Davis, 1969; Bennet, 1972; Castaing, 1991) and sample 209
is associated with the Panga fault (Figs. 3 and 9). Therefore salinity
in these areas may be due to selective intrusion at specific loca-
tions of deep mineralised water probably from the sedimentary
Karoo (e.g. Red beds and carboniferous shales) and Cretaceous for-
mation through the faults (see e.g. Sproul et al., 1972; Leve, 1983;
Maslia and Prowell, 1990; Spechler et al., 1994; Weinberger et al.,
1992; Kronfeld et al., 1993; Weinberger and Rosenthal, 1994;
Rosenthal et al., 2007). In the study area, movement along the ma-
jor faults still occurs (Habgood, 1963; Bradford, 1973) and the ef-
fect of the Mwanza fault has also been suggested for samples
taken near Nchalo by Davis (1969) and Bennet (1972). In the area
of the Karoo carbonaceous shales (west of Ndakwera), groundwa-
ter is commonly non-potable and perennial brackish waterholes
are common (Bradford, 1973).). In addition, the presence of hot
springs along the Mwanza fault is an indication of upwelling



Fig. 12. (a) Chemical composition of selected groundwater samples with high
salinity in the study area in comparison with the composition of a hot spring. (b)
Chemical composition of samples 171 and 96 collected in proximity of one another.
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groundwater (Cooper and Bloomfield, 1961; Bradford, 1973).
Chemical analysis of a hot spring on the Mwanza fault (Fig. 4) is
shown in Fig. 12a and it compares well with samples 172, 119
and 166 (at Nchalo), 219 (at Ndakwera), 246 (at Jasi) and sample
171.

The point of intrusion of high-chloride water is indicated by the
sample with the highest chloride concentration (Figs. 3 and 9). The
groundwater changes composition within short distances
Table 5
Summary of inverse modelling with PHREEQC obtained for the chemistry of sample 96 fr

Phases Phase mole transfers (mol/kgw)

CO2 (g) 0.0251 0.0503 0.0250
Labradorite 0.0032 0.0086 0.0032
Ca-Montmorillonite �0.0041 �0.0195 –
Mg-Montmorillonite – – �0.0041
Pyroxene – 0.0099 –
O2 (g) �0.0399 – �0.0396
H2S (g) �0.0199 – �0.0198
Dolomite �0.0148 – –
Calcite – �0.0549 �0.0295
CaX2 – 0.0363 0.0131
MgX2 0.0389 0.0054 0.0258
NaX �0.0778 �0.0832 �0.0778
Pyrite – �0.0099 –

Negative mole transfer is connected with either precipitation, or gas formation, or impov
either dissolution or enrichment of solution by cation exchange.
down-slope through processes such as cationic exchange and mix-
ing with fresh groundwater, forming other water types. For exam-
ple, samples 96 and 171 were collected in proximity of one another
(Figs. 3 and 9) and sample 171 has slightly higher ionic and chlo-
ride content (Fig. 12b). Sample 96 has very high Mg2+ content
and it can be deduced from Figs. 11c and 12b that the groundwater
composition in sample 96 can be obtain from sample 171 by cation
exchange of Mg2+ on clay minerals with Na+ in solution and slight
dilution/mixing with low TDS groundwater from upstream and/or
local recharge. To test this deduction, an inverse geochemical mod-
el involving a mixture comprising 10% of sample 151 (representing
upstream low TDS groundwater; see Fig. 9b) and 90% of sample
171 as initial solution and sample 96 as the final solution was set
up in PHREEQC (Parkhurst and Appelo, 1999). The composition of
the mixture of the initial solution was based on chloride content
of samples 96, 151 and 171, assuming chloride behaves
conservatively:
f151 ¼
½Cl��96 � ½Cl��171

½Cl��151 � ½Cl��171
ð1Þ
where f151 is the proportion of the sample 151 in the mixture
(0 < f < 1).

The results of the model are given in Table 5 and show that
sample 96 evolves from sample 171 by dilution with fresh ground-
water or local recharge, reduction of sulphate and cation exchange.
In this case, the change in groundwater composition from Na–Cl
type (sample 171) to Mg–Cl (sample 96) type is similar to the
changes during intrusion of a freshwater aquifer by seawater
(Appelo and Postma, 2005).

The lateral spread of saline water would be controlled by factors
such as pressure gradients, permeability distribution and subsur-
face barriers. In general, there is no significant pattern between
salinity and transmissivity for all samples (Fig. 5b). For example,
the zone of relatively low salinity associated with the Karoo basalts
has comparable transmissivity and hydraulic gradient with the
zone of relatively high salinity associated with the Cretaceous
sandstones (see Figs. 3, 5a and 9b). However, a relationship be-
tween the spread of the plume of salinity and transmissivity can
be discerned (see Figs. 3, 5a and 9b). Low transmissivity is associ-
ated with limited lateral spread (e.g. sample 246) compared to
moderate transmissivity (e.g. sample 209), whereas flushing with
fresh groundwater and local recharge limits the spread in high
transmissitvity areas (e.g. downstream of Ndakwera) (see Figs. 3,
5a and 9b).
om a mixture of samples 171 and 151.

0.0250 0.0244 0.0503 0.0503
0.0032 0.0027 0.0086 0.0086
�0.0041 – – �0.0195

– �0.0035 �0.0195 –
– – 0.0099 0.0099
�0.0396 �0.0403 �0.0346 �0.0346
�0.0198 �0.0201 – –

– �0.0149 �0.0274 �0.0274
�0.0295 – – –

0.0138 – 0.0056 0.0088
0.0251 0.0392 0.0360 0.0328
�0.0778 �0.0784 �0.0832 �0.0832

– – �0.0099 �0.0099

erishment of solution by cation exchange. Positive mole transfer is connected with
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4. Conclusions

The present study shows that the variant chemical character of
groundwater in the studied area of the lower Shire Valley is mainly
affected by (1) weathering of aluminosilicate minerals (2) cation
exchange of Ca2+ and Mg2+ in the water for Na+ on clay minerals,
formation of authigenic clays and carbonate precipitation, and
(3) evaporation and dissolution of evaporative minerals, followed
by mineralised seepage from sedimentary rocks. Silicate weather-
ing reactions lead to Ca–(Mg)–HCO3 type of water with relatively
low TDS in the outcropping areas, surrounding the valley. Sodium
and mixed ion bicarbonate groundwater of intermediate TDS re-
sults through a combination of cation exchange and precipitation
of authigenic clays and carbonates. The increase in ionic strength
in these samples, in comparison with the Ca–(Mg)–HCO3 type sam-
ples, is attributed to mixing with high TDS groundwater found in
their vicinity. The samples with the highest salinity, occurring in
localised areas, are attributable to dissolution of Cl� and SO2�

4

evaporative minerals, followed by intrusion of the mineralised
groundwater from mainly sedimentary Karoo and Cretaceous
Lupata formations. The brackish groundwater is attributable to
mixing with this saline groundwater and is linked to low recharge
conditions in less permeable fine grained sediments.
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a b s t r a c t

Groundwater resources in some parts of the lower section of Shire River valley, Malawi, are not useable
for rural domestic water supply due to high salinity. In this study, a combined assessment of isotopic
(87Sr/86Sr, d18O and d2H) and major ion composition was conducted in order to identify the hydro-geo-
chemical evolution of the groundwater and thereby the causes of salinity. Three major end-members
(representing fresh- and saline groundwater, and evaporated recharge) were identified based on major
ion and isotopic composition. The saline groundwater is inferred to result from dissolution of evaporitic
salts (halite) and the fresh groundwater shows influence of silicate weathering. Conservative mixing
models show that brackish groundwater samples result from a three component mixture comprising
the identified end-members. Hence their salinity is interpreted to result from mixing of fresh groundwa-
ter with evaporated recharge and saline groundwater. On the other hand, the groundwater with low TDS,
found at some distance from areas of high salinity, is influenced by mixing of evaporated recharge and
fresh groundwater only. Close to the Shire marshes, where there is shallow groundwater, composition
of stable isotopes of water indicates that evaporation may also be an important factor.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

In most developing countries, groundwater is widely used for
domestic water supply especially in small towns and rural regions.
However, some aquifers are not of adequate quality due to natural
factors or anthropogenic pressures. Groundwater with high salin-
ity, as found in the lower section of Shire River valley, Malawi (Da-
vis, 1969; Lockwood Survey Cooperation, 1970; Bradford, 1973;
Bath, 1980; Monjerezi et al., 2011), is a major groundwater quality
problem. An understanding of hydro-geochemical processes affect-
ing water quality in saline aquifers is essential for achieving and
sustaining usable water supplies. Sustainable exploitation of avail-
able groundwater resources is almost impossible without adequate
knowledge of the spatial distribution of fresh and saline groundwa-
ter and understanding of the processes that determine spatial vari-
ations of salinity (Bouchaou et al., 2008).

In order to understand hydro-geochemical processes, it is
important to constrain the effects of water–rock interaction,
evapotranspiration, dissolution and precipitation of minerals, ion
exchange and groundwater mixing. Assessment of major ion
ll rights reserved.

stry, University of Oslo, P.O.

, mauricm@student.matna-
chemistry alone is often inconclusive or ambiguous. 87Sr/86Sr,
2H/1H and 18O/16O isotopic ratios of groundwater are important
tracers of hydrological processes. Sr isotopes can reveal informa-
tion on water–rock interaction. Groundwater in equilibrium with
Sr-bearing minerals attains 87Sr/86Sr values that reflect the isotopic
ratio of the minerals, leading to variation of the strontium isotopic
ratio in groundwater from different lithologies (Bullen and Kendall,
1998; Shand et al., 2007). The strontium isotopic ratio is thus a sen-
sitive tracer of groundwater flow paths and mixing relationships in
regional flow systems. Stable isotopes of the water molecule are
generally considered to be transported conservatively in aquifers
and that their variations are therefore due to differences in climate
when the rain was precipitated, mixing with different waters and
evaporation (Clark and Fritz, 1997).

In a preceding study of hydro-geochemistry in the study area,
Monjerezi et al. (2011) postulated the major hydro-geochemical
processes governing the spatial variation in water quality. Building
on these findings, the present contribution uses d18O, d2H and
87Sr/86Sr isotope ratios to further restrain the assessment of possi-
ble processes responsible for the observed chemical character of
groundwater. It is thereby possible to conclude on the processes
that affect groundwater quality in the lower Shire River valley,
and identify major sources for the saline groundwater. This study
is also the first to report on the d18O, d2H and 87Sr/86Sr isotopes
of saline groundwater from the study area.

http://dx.doi.org/10.1016/j.apgeochem.2011.08.003
mailto:mmonjerezi@chanco.unima.mw
mailto:mauricm@student.matnat.uio.no
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2. Materials and methods

2.1. Study area

Malawi is situated in South East Africa (Fig. 1) and lies within
the western branch of the East African Rift system (EARS). The
lower Shire River valley occupies the southernmost part of the
Malawi section of the rift. The Shire River, the biggest river in
Malawi, runs through the valley accounting for the outflow from
Lake Malawi to Zambezi River. This study focuses on the upper
district of Chikhwawa (formerly Chikwawa; Fig. 1). The valley
flow flanking the River Shire is of low slope and relief, ranging
from 50 m to 76 m above sea level. The area has a tropical cli-
mate of Sahelo-Sudanese type and experiences annual moisture
deficit.

Habgood (1963) described the geology of the lower Shire valley.
Situated within the EARS, the area is intensely faulted (Fig. 1) (Hab-
good, 1963; Castaing, 1991; Chapola and Kaphwiyo, 1992). A base-
ment of Precambrian to lower Palaeozoic Mozambique belt high-
grade charnockitic granulites and biotite-hornblende gneisses
(semi-pelitic), referred to as the Malawi Basement Complex under-
lies the area (Habgood, 1963; Carter and Bennet, 1973; Bloomfield,
1966; Morel, 1989). On the western bank of the Shire River, Karoo
Fig. 1. Map of the study area showing location, geology (after Habgood (1963)) an
sedimentary rocks overlay the basement rocks. Cretaceous Lupata
sandstones, in turn, overlay the Karoo sedimentary rocks (Fig. 1;
Habgood, 1963; Castaing, 1991). The climax of Karoo faulting
was the eruption of volcanic basalts and dolerites during the early
Jurassic epoch. Also present are hydrothermal fault rocks, associ-
ated with the Karoo boundary faults. The valley floor is a piedmont
plain consisting of a large amount of unconsolidated sediments
(Habgood, 1963).

Bradford (1973) has reported upon the hydrogeology of the
area. The main aquifer units, in order of increasing importance as
groundwater resources, are (1) the weathered and/or fractured
basement rocks, (2) Karoo and Cretaceous sedimentary rocks, (3)
weathered basalts and (4) the unconsolidated alluvial deposits. In
general, piezometric contours indicate a regime of groundwater
flow towards the central axis of the valley i.e. towards Shire River
(Bradford, 1973). The aquifers are lenticular in shape and of limited
lateral extent, but there is partial hydraulic continuity between
water in the weathered bedrock at the valley sides and water in
the alluvium in the valley floor. Non-flowing confined aquifers
with upward leakage are generally found in the valley floor (Brad-
ford, 1973). Hot springs are found along the Mwanza Fault repre-
senting the most recent stages of the Cretaceous hydrothermal
activities (Cooper and Bloomfield, 1961).
d sample locations. Inset shows location of the study area in Malawi (Africa).



Table 1
Surface and ground water quality and stable isotopic data from the study area, sampled in June 2009.

Sample
ID

Sample name pH TDS
(mg/L)

Temp
(�C)

HCO�3
(mg/L)

Cl�

(mg/L)
SO2�

4

(mg/L)

Na+

(mg/L)
K+

(mg/L)
Ca2+

(mg/L)
Mg2+

(mg/L)
Sr2+

(mg/L)
d2H
(‰)

d18O
(‰)

87Sr/86Sr Saturation Indices

Calc Hal Gyp Dol

Shallow boreholes
1 Chamboko 7.20 693 29.6 639.77 67.50 67.11 109.86 0.52 31.92 70.77 1.23 �33.58 �5.57 0.71212 �0.02 �6.77 �2.26 0.75
3 Dzilonzo 6.90 3555 29.4 612.75 2172.94 177.85 1407.82 2.94 82.91 132.86 5.77 �38.88 �6.48 0.71000 �0.13 �4.37 �1.78 0.39
4 Felo 2(Biliati) 7.00 1445 29.10 413.21 492.00 94.07 318.76 2.83 63.72 54.00 1.48 �35.79 �5.59 0.71376 �0.13 �5.75 �1.86 0.11
5 Fodya 6.40 4035 23.90 287.49 716.28 157.68 794.51 5.68 184.50 410.45 7.67 �33.40 �4.32 0.71007 �0.60 �4.97 �1.57 �0.43
6 Goma 7.20 3400 29.4 954.41 1485.89 422.85 1001.28 2.25 44.97 134.31 5.16 �35.39 �5.13 0.70929 0.07 �4.55 �1.68 1.06
7 Gonda 7.30 573 29.4 646.05 26.30 20.57 128.83 1.24 19.87 49.02 1.07 �37.09 �5.59 0.71184 �0.09 �7.10 �2.92 0.66
8 Jasi 1 6.70 7770 30.5 623.36 4718.75 117.75 3057.22 3.18 138.16 239.81 9.00 �41.30 �6.02 0.70946 �0.17 �3.93 �1.88 0.33
9 Jasi 2 7.40 3020 30.5 826.67 1036.37 58.73 510.18 1.32 9.91 17.33 2.03 �37.52 �5.44 0.70973 �0.31 �4.95 �2.94 0.07

10 Jombo 7.20 1022 30 818.01 545.00 21.00 450.00 2.00 82.00 83.00 1.71 �39.63 �6.40 0.71138 0.41 �5.29 �2.52 1.26
11 Kadeka 7.20 1000 28.6 561.02 32.20 27.90 157.67 0.44 35.97 58.65 1.32 �34.24 �4.68 0.71125 0.00 �6.93 �2.56 0.66
13 Kholongo 6.90 507 29.5 485.80 40.59 11.15 100.95 1.04 32.56 30.12 1.44 �39.51 �6.47 0.71133 �0.36 �7.01 �2.91 �0.31
14 Kulima village 6.70 – 29.7 722.30 1707.31 822.33 1106.14 1.70 74.26 106.04 4.09 �34.05 �5.10 0.70982 �0.36 �4.73 �1.18 �0.12
15 Machilka 7.30 2391 29.8 1313.64 1155.26 898.81 748.48 2.97 30.55 76.71 2.05 �35.22 �5.41 0.71442 0.08 �4.99 �1.52 1.03
16 Mafale I 7.00 810 29.3 365.15 153.00 14.00 121.06 0.88 49.63 45.00 1.66 �46.90 �7.36 0.71112 �0.21 �6.36 �2.69 �0.04
17 Makande 6.70 1119 29.6 586.27 331.35 117.83 214.68 1.57 104.24 120.95 2.22 �33.93 �4.69 0.71295 �0.11 �5.98 �1.66 0.28
18 Malemia 7.00 858 29 618.17 215.58 15.13 202.40 1.21 31.13 46.94 2.02 �43.13 �6.81 0.71086 �0.23 �6.00 �2.90 0.15
19 Maluwa 8.10 398 29.6 325.98 8.57 3.58 28.74 0.48 48.19 42.09 1.27 �29.30 �4.59 0.71134 0.84 �8.22 �3.23 2.06
20 Mangulenje 2 6.90 1615 28.6 337.27 523.53 40.93 265.20 8.10 175.71 80.73 2.79 �33.34 �5.11 0.71369 0.09 �5.53 �1.89 0.27
21 Masanduko 7.10 4465 28.4 723.26 1059.00 675.30 686.11 3.30 19.98 249.19 2.15 �37.64 �5.41 0.71414 �0.49 �4.62 �1.90 0.56
22 Miseu 4 7.00 – 30.4 362.89 342.21 198.32 221.71 0.77 80.41 177.95 4.27 �35.25 �5.14 0.71013 �0.17 �5.51 �1.61 0.45
23 Mitubula 7.00 – 29.6 539.12 238.75 351.47 246.96 0.72 30.46 40.44 2.14 �33.34 �5.05 0.71085 �0.40 �5.89 �1.65 �0.24
24 Nibisi school 6.60 4080 29.8 796.48 2243.55 376.32 1453.57 2.52 98.18 170.53 6.40 �32.51 �4.35 0.70915 �0.28 �4.43 �1.43 0.13
25 Nkavu school 7.20 4275 29.6 1233.79 1838.34 985.34 1191.04 7.55 10.02 157.97 2.19 �36.09 �4.92 0.71175 �0.57 �4.42 �2.07 0.52
26 Nkhwangwa school 7.20 553 29.10 551.20 45.50 29.17 80.81 0.64 48.51 64.14 1.08 �35.67 �5.45 0.71334 0.13 �7.07 �2.42 0.82
29 Nyasa 7.40 956 30.10 984.17 118.40 6.33 232.45 1.42 14.96 16.70 1.47 �34.30 �4.42 0.70850 0.04 �6.20 �3.59 0.59
30 Saindi F.P School 7.20 713 29 474.15 111.54 169.14 79.32 2.04 44.83 47.35 1.38 �27.12 �4.81 0.71116 �0.01 �6.69 �1.71 0.45
33 Washeni 6.60 3472 30.1 385.03 819.89 20.74 548.40 3.43 309.78 27.80 6.85 �37.38 �5.95 0.71043 0.04 �5.04 �2.03 �0.54

Shallow hand dug wells
2 Chigweshe 7.10 5875 28.2 585.78 3681.78 632.31 2385.38 13.12 192.68 244.33 5.96 �9.09 �2.07 0.71325 0.31 �4.06 �1.04 1.16

32 Thumps lodge 7.30 1388 26.7 343.61 516.70 173.73 330.43 9.41 89.56 54.67 2.07 �31.76 �4.74 0.71262 0.20 �5.43 �1.51 0.61
31 Tayakhasu 8.10 1128 25.8 470.86 322.49 177.34 208.94 13.80 111.22 52.95 1.80 �3.47 �0.75 0.71357 1.21 �5.94 �1.40 2.54

Surface water
27 Nyada (Shire River) 8.00 127 23.5 143.17 8.23 1.58 20.20 3.95 13.36 5.93 0.95 11.17 1.82 0.71308 �0.05 �8.36 �3.92 �0.02
28 Nyakhamba River 7.5 633 22.6 – – – 59.01 3.02 99.39 52.27 1.24 �24.3 �2.86 0.71238 – – – –

– Not determined.
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Fig. 2. Bivariate plots showing relationship between (a) Na+ (b) Cl� and (c) HCO3 –
with total cations/anions (meq L�1). The diagonal lines are lines of 1:1 slope.
Samples are grouped according to their HCA clusters (see Fig. 5b for explanation).

Fig. 3. Distribution of water types with respect to salinity distribution (data from
Monjerezi et al. (2011)). The geological units and other features are as explained in
Fig. 1. EC values are in lS/cm.
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2.2. Water sampling and analytical methods

The water samples considered in this study were collected dur-
ing the dry season in June 2009. They were taken from shallow
boreholes and hand dug wells used for rural water supply and riv-
ers (see Fig. 1), applying standard sampling procedures (APHA,
1985; ISO 5667-11:1993). The shallow boreholes were typically
to depths between 20 and 55 m, whilst the hand dug wells were
less than 10 m deep. The water samples were collected in pre-
cleaned new polyethylene bottles in triplicates, two of which were
filtered. One of the filtered sample was acidified with HNO3 (to pH
<2) and stored in pre-cleaned polyethylene bottles for major
cation, strontium isotope and Sr content analysis. The other filtered
sample was stored unacidified in pre-cleaned new polyethylene
bottles for anion analysis. The third (unfiltered) sample was used
for stable-isotope (d2H and d8O) analyses. All samples were ana-
lysed for main chemical descriptors (EC,TDS, pH, Na+, Ca2+, Mg2+,
K+, HCO�3 , Cl�, SO2�

4 , NO�3 , Sr2+, 87Sr/86Sr, d2H and d18O) using stan-
dard methods. Temperature, pH (ISO 10523-1:1994), electrical
conductivity (EC) (ISO 7888:1985) and total dissolved solids
(TDS) were measured in the field using Hanna model HI-9812
pH-EC-TDS meter (Hanna Instruments Limited). The rest of the
parameters (Na+, Ca2+, Sr2+, Mg2+, K+, CO2�

3 , HCO�3 , Cl�, NO�3 and
SO2�

4 ) were determined at the Department of Chemistry, University
of Oslo, Norway. Concentrations of Na+, K+, Ca2+, Sr2+ and Mg2+

were determined using ICP-OES (Vista AX CCD, Varian Ltd). Ion
chromatography (DIONEX 2000) was used to determine amounts
of sulphates, nitrates and chlorides. CO2�

3 and HCO�3 were deter-
mined using acid titration (APHA, 1985). The stable isotopes
(87Sr/86Sr, d2H and d18O) were determined at the Institute for En-
ergy Technology (IFE), Norway. Oxygen-18 and deuterium were
determined by mass spectrometry (Delta + XP stable isotope ratio
mass spectrometry, Thermo Scientific, Germany), with the results



Fig. 4. (a) Sodium concentrations plotted against Cl� concentrations. (b) semi-log
plot for Na+ and Cl� concentrations, showing the break in slope depending on
sample salinity.

Fig. 5. (a) A dendrogram showing classification into seven clusters (C1–C7;
counting from left). (b) Piper diagram for the groundwater samples, showing the
hydro-geochemical water types of the seven clusters.
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expressed as per mill relative to the Vienna Standard Mean Ocean
Water (VSMOW). The 87Sr/86Sr ratios were measured using ther-
mal ionisation mass spectrometer (TIMS). Isotopic results were re-
ported with an error margin of ±1.07‰, ±0.15‰ and ±0.000009‰

for d2H, d18O and 87Sr/86Sr, respectively.
The geochemical modelling program PHREEQC v2.16 (Parkhurst

and Appelo, 1999), implemented with MINTEQ.v4 database (Alli-
son et al., 1991) was used to calculate saturation indices (SI) with
respect to the main mineral phases. The fifteen chemical variables
(which include 87Sr/86Sr, d2H and d8O) were also analysed using Q-
mode Hierarchical Cluster Analysis (HCA) and Principal Compo-
nent Analysis (PCA). The parameters (except pH, 87Sr/86Sr, d2H
and d8O) were log-transformed and then all of them were routinely
standardised prior to the multivariate analyses by subtracting the
mean value and dividing by the standard deviation of the parame-
ter. Both HCA and PCA were performed using R statistical software
(R Development Core Team, 2009). The HCA was implemented in R
using stats package (R Development Core Team, 2009), and was
performed using Ward’s linkage method (Ward, 1963), adopting
Euclidean distances as a measure of dissimilarity. The PCA was
implemented using FactoMineR (Factor analysis and data Mining
with R) package (Husson et al., 2009).
Fig. 6. Plot of d2HVSMOW (‰) vs. d18OVSMOW (‰) for groundwater and surface water
samples. Samples marks are according to clusters (see Fig. 5b).
3. Results and discussion

3.1. Major ions and hydro-geochemical characteristics

The chemical data of ground- and surface water samples con-
sidered in this study are given in Table 1. The water samples had
average temperatures during sampling of around 30 �C (Table 1),
reflecting the average yearly temperature of the study area. pH val-
ues from 6.4 to 8.1 were found, with an average pH of 7.0. Electric
conductivity (EC) varied considerably from 254 to 15540 lS cm�1



Fig. 7. (a) Distribution of Sr concentrations and isotope composition of groundwater samples from the study area. The geological units and other features are as explained in
Fig. 1. (b) Variation of Sr concentrations from west to east. (c) Variation of 87Sr/86Sr ratios from west to east. Sample marks are according to clusters (see Fig. 5b). Sr
concentrations and EC values are in mg/L and lS/cm, respectively.
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(Table 1). Na+ and Cl� are dominant major ions in saline samples,
whereas bicarbonate is the dominant anion in the relatively low
TDS samples (Fig. 2). Fig. 3 shows the distribution of water types
for the samples considered in this study superimposed over distri-
bution of salinity in the study area (Monjerezi et al., 2011). Na–Cl
groundwater type is associated with high salinity areas, whereas
relatively less saline groundwater in the proximity of the areas of
high salinity is characterised by Na-mixed anion or Na–Ca (Mg)–
Cl and Na–HCO3, indicating possible interaction between saline
and fresh groundwater. In general, groundwater salinity is high to-
wards Shire River and in some selected areas upstream (Fig. 3) and
does not show significant pattern of variation with depth (Mon-
jerezi et al., 2011). Most of the groundwater samples were under-
saturated with regards to gypsum and halite, in equilibrium with
respect to calcite and saturation with respect to dolomite (Table 1).

Since Na+ and Cl� are the two most dominant ions in the brack-
ish groundwater samples (Fig. 2), and in many waters they have
the same source, they are plotted against each other in Fig. 4. In
general, there is a strongly linear grouping of the data (Fig. 4a), also
suggestive of a mixing trend of relatively saline water with fresh
groundwater. The samples with relatively high salinity straddle
across the equivalence line of Na+ and Cl� suggesting an original
saline end-member from dissolution of halite, with rock-water
interactions modifying the Na+ content. In the semilog plot of
Na+ vs Cl� (Fig. 4b), a steeper slope for samples in the broad range
of Cl� < 100 mg L�1 and a gentle slope at higher concentrations is
observed. The median Na+/Cl� molar ratio for the steep slope is
3.03, which is attributable to effects of silicate weathering, provid-
ing Mg2+ and Ca2+. The shallow slope has a median molar ratio of
0.95. The bimodal slope therefore suggests that there is a transition
from fresh groundwater, influenced by silicate weathering, to
groundwater with relatively high salinity, originating from halite
dissolution (c.f. Nordstrom et al., 1989).
3.2. Hierarchical Cluster Analysis

Hierarchical Cluster Analysis (HCA) provided an independent
approach for grouping the water samples. The groundwater sam-
ples were classified by Q-mode HCA into seven clusters (Fig. 5)
according to their chemical and isotopic composition. The number
of clusters was chosen based on the minimum number of clusters
that explain most of the variation in hydro-geochemical properties
of the water samples.



Fig. 8. (a) Relationship between molar Sr and Ca. (b) Variation of molar Sr/Cl ratios
with salinity (TDS). The dotted horizontal line marks molar Sr/Cl ratio for seawater.
Sample marks are according to clusters (see Fig. 5b).
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Samples in clusters C1–C4 have a dominant chemical composi-
tion of the Na–Cl type (Fig. 5b). The first cluster (C1) is character-
ised by high salinity (median TDS = 3795 mg L�1) and is separated
from clusters C2, C3 and C4 at the second divide in the dendro-
gram, showing that samples in C1 have distinct chemistry from
the ones in C2, C3 and C4 (Fig. 5a). Samples in the second cluster
(C2) have salinity intermediate between C1 and C6 (median
TDS = 1388 mg L�1). Conferring the sample numbers to their sam-
pling site, we note that C2 samples were collected in the proximity
of C1 samples (Figs. 3 and 7). C3 contains groundwater samples
from boreholes along the marshes, whereas samples from very
shallow hand dug holes are classified together in C4. Low TDS sur-
face water (from Shire River) is classified into C5. Samples 9 and
29, associated with the Cretaceous sandstones, are characterised
by low Sr concentration and isotopic composition and are clustered
together in cluster C6. The last cluster (C7) contains low TDS
groundwater samples (median TDS = 810 mg L�1) characterised
by mixed cationic composition and anionic composition domi-
nated by bicarbonates. Thus, C6’s chemical composition can be
characterised as mixed cation-HCO�3 type (Fig. 5b).

3.3. Stable isotopes of water

Groundwater samples had d18OVSMOW and d2HVSMOW values
ranging from�7.4‰ to�2.1‰ and�46.9‰ to �9.1‰, respectively.
For the surface water samples, the d18OVSMOW and d2HVSMOW values
ranged from �24.3‰ to 11.2‰ and �2.9‰ to 1.8‰, respectively
(Table 1). Very shallow groundwater samples (samples 2 and 31)
and surface water samples (samples 27 and 28), taken close to
the marshes (except sample 28), are relatively enriched in d18O
and d2H compared to the rest of the samples (Fig. 6). This enrich-
ment in heavy isotopes of water is attributable to evaporation.
Sample 27 is a surface water sample from Shire River, which is sub-
jected to evaporation in Lake Malawi and Lake Malombe (Fig. 1), as
well as along the river’s course (approximately 240 km to the sam-
ple area; Shela, 2000) and marshes, which form areas of shallow
slow moving water. Samples 2 and 31 were taken within 1 m
depth. It is therefore likely that their isotopic composition is due
to influence of evaporation from the soil surface.

In Fig. 6, a few groundwater samples plot along the Global
Meteoric Water Line (GMWL) (d2HVSMOW = 8d18OVSMOW + 10; Craig,
1961), indicating a meteoric origin, whilst the majority of the sam-
ples plot in a group to the right of the GMWL, indicating the effect
of processes such as evaporation within the unsaturated zone dur-
ing recharge or mixing with an evaporated source. Values of d18O
and d2H for local precipitation throughout the study area are not
documented. A general estimate, however, can be derived from
data and study results from nearby areas. Data from the nearest
Global Network of Isotopes in Precipitation (GNIP) monthly sta-
tions, with a similar climate, give slopes of 7.75 ± 0.12 (Ndola,
Zambia) and 7.50 ± 0.12 (Harare, Zimbabwe) for plots of d2HVSMOW

(‰) vs d18OVSMOW (‰) for rainwater (IAEA/WMO, 2006). The mete-
oric line for the Ndola station (d2HVSMOW = 7.75d18OVSMOW + 9.68;
IAEA/WMO, 2006) is also plotted in Fig. 6 to represent a local mete-
oric water line (LMWL) and it plots close to that of the GMWL. The
intercept of a line of best-fit through the data points
(d2HVSMOW = 6.30d18OVSMOW � 1.65; r2 = 0.94) extrapolated to the
LMWL should indicate the composition of infiltrating rainwater.
The isotopic composition of this point (d18OVSMOW = -7.9‰ and
d2HVSMOW = �51.7‰; point A in Fig. 6) is within the lower range
of values for the present-day precipitation reported at the monthly
GNIP stations (IAEA/WMO, 2006) of Zambia (d18OVSMOW =
�6.13 ± 1.68‰; d2HVSMOW = �36.7 ± 13.37‰) and Zimbabwe
(d18OVSMOW = �5.96 ± 1.48‰; d2HVSMOW = �33.1 ± 13.23‰). The
isotopic composition of the infiltrating rainwater (locally gener-
ated groundwater) is very close to that of sample 16 (Fig. 6 and
Table 1).

3.4. Strontium and strontium isotope ratios

Strontium concentrations in groundwater ranged from 1.07 to
9.0 mg/L, whereas surface water samples had Sr concentrations
of 0.95 and 1.24 mg/L (Table 1). Sr shows significant moderate to
strong correlations with TDS (r = 0.83; p < 0.001), Ca2+ (r = 0.69;
p < 0.001), Cl� (r = 0.76; p < 0.001), Na+ (r = 0.79; p < 0.001) and
Mg2+ (r = 0.69; p < 0.001). Elevated Sr concentrations are observed
in the samples with relatively high TDS found away from the Shire
marshes (Fig. 7a and b), decreasing with distance towards Shire
River. The rest of the samples show a steady trend with distance,
irrespective of their salinity (Fig. 7b). There is a general pattern
of increasing strontium with Ca2+ concentrations for the samples
(Fig. 8a), showing two distinct trends based on salinity. This pat-
tern in strontium concentrations is also suggestive of a saline
end-member with high Sr concentrations affecting fresh ground-
water. Values of 87Sr/86Sr ratios in groundwater samples ranged
from 0.70850 to 0.71442 and the surface water samples had
87Sr/86Sr ratios of 0.71238 and 0.71308 (Table 1). 87Sr/86Sr ratios
increase with distance along flow path from the outcropping areas
to Shire River (Fig. 7c). The least radiogenic groundwater samples
are those mainly associated with the Cretaceous Lupata sandstones
(Fig. 7a and c). The observed changes in 87Sr/86Sr ratios along flow
paths imply that processes within the aquifer exert control on the
strontium isotope composition of the groundwater.

The high TDS groundwater samples have low Sr/Cl� molar
ratios (Fig. 8b), high strontium concentrations and low 87Sr/86Sr



Fig. 9. Results of PCA showing the four principal components. Individual (observations) graph (upper panel) and variables (chemical parameters) graph (lower panel). Sample
marks are according to clusters (see Fig. 5b).
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ratios (Figs. 7 and 12) overlapping those of modern seawater
(87Sr/86Sr = 0.70920; [Sr2+] = 8.1 mg L�1). However, the 87Sr/86Sr ra-
tios are higher than those expected for Cretaceous marine (0.7068–
0.7084; Burke et al., 1982) and non-marine evaporites (0.70825;
Palmer et al., 2004). The relatively low 87Sr/86Sr ratios and high
Sr2+ concentrations may therefore be explained by mixing between
saline groundwater derived from dissolution of evaporite minerals
with fresh groundwater (or meteoric water). For the relatively low
TDS, Sr2+/Cl� molar ratios are high (Fig. 8b), which, in addition to
the generally good correlation between Sr2+ and Ca2+ (Fig. 8a),
may be attributed to one or more of the following processes: sili-
cate weathering, dissolution of carbonate or gypsum in the unsat-
urated zone and/or mineral reactions in the saturated zone.

Gypsum dissolution is expected to produce Sr2+/Ca2+ ratios low-
er than those for seawater (c.f. Harrington and Herczeg, 2003; Cart-
wright et al., 2007). However, the Sr2+/Ca2+ molar ratios of the
groundwater samples in the study area are higher (Fig. 8a) than
that of seawater (molar Ca2+/Sr2+ = 109). In addition, Ca2+ and
SO2�

4 are not correlated (r = �0.09) and all groundwater samples
are undersaturated with respect to gypsum (Table 1; Monjerezi
et al., 2011). Therefore, significant gypsum dissolution has not oc-
curred and hence gypsum is precluded as a major control on Sr iso-
tope geochemistry. In the studied section of the lower Shire area,
carbonate cements and veins are locally present (Habgood, 1963;
Bradford, 1973) and may affect Sr isotope geochemistry. Precipita-
tion of carbonate minerals tends to increase the Sr2+/Ca2+ ratio in
the residual water due to rejection of Sr2+ in preference for Ca2+

in carbonates (Pingitore and Eastman, 1986). However, the Sr2+/
Ca2+ ratios expected from significant carbonate dissolution are also
lower that the seawater ratio (Harrington and Herczeg, 2003; Cart-
wright et al., 2007). In addition, the groundwater samples are gen-
erally in equilibrium with respect to calcite (Table 1). Furthermore,
concentration of strontium decreases and the groundwater be-
comes more radiogenic with distance along flow paths (even for
the low TDS samples; Fig. 7), therefore carbonate precipitation can-
not be the major process influencing the Sr isotope geochemistry.

The high Sr2+/Cl� molar ratios probably reflect silicate weather-
ing that is locally important in controlling the chemistry of the
least saline groundwater (Monjerezi et al., 2011). The 87Sr/86Sr ra-
tios of the groundwater are similar to those reported for aquifers
where silicate weathering occurs (Négrel et al., 2001; Grobe and
Machel, 2002). The increase in the 87Sr/86Sr ratios of groundwater
away from the basin margins (Fig. 7) is a reflection of variations in
aquifer mineralogy. More radiogenic groundwater samples are
from the colluviums close to Shire River marshes, the colluviums
downstream of the basalts and in the clays upstream of the sugar
estate (Fig. 7a). These sediments contain a high proportion of K-
rich minerals (e.g. biotite, orthoclase, and muscovite) and labrador-
ite derived from the Precambrian Basement Complex and the Kar-
oo basalts (Habgood, 1963). The K- and Rb rich minerals will have
relatively high 87Sr/86Sr ratios (c.f. Négrel et al., 2001) and interac-
tion with them may render groundwater more radiogenic. The ba-
salt outcrop has an augite-labradorite composition. The Cretaceous
sandstones consist of grits, shale, marl and calcareous cement,
deposited mainly under the arid conditions and they are derived
from the Karoo and crystalline rocks (Habgood, 1963). The calcar-
eous shales, marl and the Ca/Na-rich plagioclase (labradorite) will
have lower 87Sr/86Sr ratios.



Fig. 10. Plots of d18OVSMOW (‰) vs concentrations of (a) Cl�, (b) Na+ and (c) Sr2+, and TDS (d).
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3.5. Principal Component Analysis

Principal Component Analysis (PCA) provided an independent
approach for correlating chemical parameters and linking them
to the individual samples. Four principal components (PCs) were
extracted (eigenvalues P1; Kaiser, 1958), accounting for 84% of
the total variance (Fig. 9). The first two PCs explain most (64%) of
the total variance in the dataset (Fig. 9). The first principal compo-
nent (PC1) explains 41% of total variance and shows strong positive
correlation for salinity (TDS) and the ions Na+, Cl�, Mg2+, SO2�

4 and
Sr2+, and negative correlation for pH, 87Sr/86Sr, d18O and d2H
(Fig. 9d). The sample scores along PC1 are typically high for sam-
ples in clusters C1 and C3 (Fig. 9a). This PC composition is similar
to the salinisation dimension reported by Monjerezi et al. (2011).
The high scores in Na+ and Cl�, in association with TDS, suggest
that the high salinity is influenced by dissolution of halite (Mon-
jerezi et al., 2011). Evaporative concentration and silicate weather-
ing are precluded as major processes by the negative correlations
of d18O and d2H and pH, 87Sr/86Sr, respectively, along this PC
(Fig. 9d). Principal component 2 (PC2) explained 23% of the total
variance and had strong positive correlations for K+, d18O and
d2H, and moderate positive correlations for 87Sr/86Sr and Ca
(Fig. 9d). The sample scores for PC2 are high in C4 and C5, compris-
ing very shallow groundwater and surface water (Fig. 9a). This sug-
gests that these samples are influenced by evapo-concentration
(d18O and d2H) and weathering (K+, 87Sr/86Sr and Ca). PC3 explained
12% of the total variance, with positive correlations for HCO�3 , SO2�

4 ,
pH, 87Sr/86Sr and weakly with Na+, and negative correlations for
Ca2+ and Sr2+ (Fig. 9e). This PC has characteristically high scores
for C3 which implies that C3 samples also show interaction with
high 87Sr/86Sr sediment and possible exchange of bound Na+ with
Ca2+. PC4 explained only 8% of the total variance, with positive cor-
relations for NO�3 , d18O and d2H, and negative correlation with
87Sr/86Sr ratio (Fig. 9f). PC4 has high sample scores for samples in
C6 and C5 (Fig. 9c). The positive correlation in NO�3 and negative
in 87Sr/86Sr ratios suggests that samples in C6 may be influenced
by anthropogenic activities as well as interaction with low
87Sr/86Sr sediment, respectively.

PCA sample score plots are used in identifying end-members
and relevant mixing ratios in multivariate mixing and mass bal-
ance (M3) (Laaksoharju et al., 2008; Laaksoharju et al. 1999a,
1999b) and end member mixing analysis (EMMA) calculations
(Christophersen et al., 1990; Hooper et al., 1990; Christophersen
and Hooper, 1992; Liu et al., 2004). Most (64%) of the total variance
in the dataset can be looked at when PC1 and PC2 are plotted. In
Fig. 9a, high TDS samples in C1, low TDS groundwater samples in
C7 (circles) and surface water sample (C5) form the vertices of a
triangle, indicating that the chemistry of the samples within this
triangle may be explained by mixtures involving representatives
of C1, C5 and C7, as end-members. Sample 8, the most saline (of
samples in this study), may represent high salinity borehole
groundwater (C1) and sample 16 may represent low TDS ground-
water (C7) because it has a d18O and d2H isotopic composition
resembling that of locally generated groundwater (Fig. 6). Samples
in C4 plot outside the triangle in Fig. 9a, indicating that an extra
process contributes to the chemistry of these samples. These sam-
ples have high PC2 scores hence they are also affected by evapora-
tion. In Fig. 9, the plot of PC2 vs PC3 shows very little dispersion.



Fig. 11. Plots of d2HVSMOW (‰) vs concentrations of (a) Cl�, (b) Na+ and (c) Sr2+, and TDS (d).

2210 M. Monjerezi et al. / Applied Geochemistry 26 (2011) 2201–2214
3.6. Effects of evaporation

Evaporative concentration is one of the major causes of salinity
in arid environments. The interpretation of the PCA and the stable
isotopes of water suggest that shallow groundwater close to Shire
River may be under the influence of evaporation. We therefore
computed the changes in d18O, d2H and Cl� of water undergoing
evaporation. Values of d18O and d2H were computed for an open
system undergoing evaporation via Rayleigh distillation, incorpo-
rating both equilibrium, using fractionation factors given by Kakiu-
chi and Matsuo (1979) and kinetic (humidity) (Gonfiantini, 1986)
fractionation (c.f. Meyers et al., 1993 and Butler, 2007). The isoto-
pic equilibrium enrichment factors were calculated at a tempera-
ture of 26 �C, which is the yearly average temperature for the
area for the period 1971–2008 (data from Nchalo meteorological
station). Changes in Cl� concentrations during evaporation of
groundwater were simulated by means of a simple evaporation
model in PHREEQC (Parkhurst and Appelo, 1999). Sample 16 was
chosen as the starting solution composition in these calculations
because its isotopic composition resembles that of locally gener-
ated groundwater (Fig. 6).

The resultant open system evaporative fractionation model for
d18O and d2H is shown in Fig. 6 (crosses). Each point, from left to
right, represents a progressive evaporative reduction by 5% of the
original volume of water. The average relative humidity during
evaporation and infiltration of water was estimated at 78% by fix-
ing the slope of the modelled evaporation trend line (Fig. 6) to that
of the best-fit trend line, found through linear regression of the
surface and groundwater samples (c.f. Butler, 2007). This calcu-
lated value of relative humidity is comparable to monthly maxi-
mum relative humidity of the area (data not shown: Nchalo
meteorological station 1971–2008) for the more humid months
of the rainy season.

Variations in Cl� concentration vs. d18O and d2H are depicted in
Figs. 10a and 11a, respectively. The surface water sample 27 (Shire
River) and the shallow groundwater sample 31 (EC = 2,
269 lS cm�1) plot close to the evaporation model line. This corrob-
orates the interpretation of PC2 that samples clustered in C4 and
C5 show influence of evaporation. However, the other shallow
groundwater (sample 2) deviates from the evaporation model line
and plots towards the relatively high TDS cluster, C1. This is attrib-
utable to mixing with saline groundwater with high Cl� content. A
pattern of increasing salinity with d18O and d2H, as would have
been expected if evaporation was the primary driver for d18O and
d2H is not observed for the majority of the groundwater samples
in Fig. 6, Fig. 10a and Fig. 11a. For example, sample 8 has the high-
est salinity (of all the samples considered in this study) but its iso-
topic composition is not enriched in d18O and d2H (Fig. 6) and its
depth (42 m) precludes the influence of in situ evaporation.
Accordingly, an additional mechanism is needed in order to explain
evolution of saline groundwater.

3.7. Groundwater mixing analysis

The PCA-plot (Fig. 9a) shows the possibility of describing
groundwater chemistry in terms of mixing of at least three end-
members. The surface water sample 27 (Shire River) plots quite
close to the evaporation model line (Figs. 10a and 11a) hence it
can also represent an evaporated groundwater recharge (c.f.
Woods et al., 2000). This end-member is characterised by high



Fig. 12. Plots of Sr isotope ratios vs (a) Sr2+, (b) Cl� and (c) 1/Sr to show
groundwater mixing trends.

Fig. 13. Plots of Sr isotope ratios vs (a) Sr2+ and (b) 1/Sr showing mixing and
mineral dissolution models.
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87Sr/86Sr values and low Sr2+ concentration. The fresh groundwater
end-member has moderate 87Sr/86Sr and low Sr2+ levels (e.g. sam-
ple 16), whereas the end-member representing saline groundwater
is characterised by low 87Sr/86Sr and high Sr2+ levels (e.g. sample
8).

Sr isotopes and stable isotopes of water can be used as tracers of
groundwater mixing provided that two or more components are
defined. Concentrations of an element X in a mixture (M), compris-
ing components A and B, in proportions, fA and fB, respectively, is
given by equation:

XM ¼ fAXA þ ð1� fAÞXB ð1Þ
Whereas the 87Sr/86Sr ratio of such a mixture is given by the follow-
ing equation (Faure and Mensing, 2005):
87Sr
86Sr
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86Sr
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We compared the variation in isotopic compositions with vari-
ations in salinity (TDS) and the ions that are strongly correlated
with it (Na+: r = 0.95, p < 0.001; Cl�: r = 0.91; p < 0.001; Sr2+:
r = 0.83; p < 0.001), by means of EMMA mixing diagrams (Christo-
phersen et al., 1990 and Hooper et al., 1990). Mixing trends be-
tween the three end-members are shown in Figs. 10–13. For the
stable isotopes of water, most of the groundwater samples are en-
closed within a triangle defined by mixing lines involving the three
end-members (Figs. 10 and 11). However, mixing between the
three end-members was not adequate to describe the strontium
isotope and concentration data for all groundwater samples
(Fig. 12). Conservative behaviour is therefore more apparent with
d18O and d2H than with 87Sr/86Sr ratios. In Figs. 10 and 11, the
majority of the samples with relatively high salinity define a line
between saline groundwater end-member and a mixture of the
low TDS surface water and groundwater end-members, indicating
sequential two-component mixtures (Faure and Mensing, 2005).
The chemistry of these samples may therefore be interpreted as
a result of the influence of evaporated groundwater recharge and
saline groundwater on fresh groundwater. This interpretation is
corroborated by the fact that these samples are spatially associated
with the high salinity areas (see Fig. 3) and their arrangement in
Figs. 10 and 11 coincides with their vicinity to these high salinity



Fig. 14. Comparison of estimated and observed values of (a) d2HVSMOW (‰), (b) Na+, (c) Sr2+ and (d) TDS.
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areas, i.e. the samples that are collected in the vicinity of high
salinity areas shown in Fig. 3 plot closest to sample 8 (Figs. 10
and 11).

Although considerable scatter exits, the effects of mixing on
strontium isotopic composition and concentration in groundwater
samples can be discerned in Fig. 12. Most samples with relatively
high salinity (with the exception of C2 and C3) plot on a mixing
line between the saline and low TDS groundwater end-members,
reflecting the influence of saline groundwater sources. Sample 9
(TDS = 3020 mg L�1) is collected in the vicinity of sample 8 (TDS =
7770 mg L�1) and downstream of sample 29 (TDS = 956 mg L�1).
Fig. 12 shows that the lower salinity for sample 9 (relative to sam-
ple 8) is due to dilution with less radiogenic, low TDS and Sr2+

groundwater upstream (e.g. sample 29). Sample 29 has the least
radiogenic strontium isotopic composition (0.7085) of all the sam-
ples. This ratio similar to the range of Cretaceous marine 87Sr/86Sr
ratios and thus probably reflects water–rock interaction with less
radiogenic calcareous matrix of the Cretaceous sandstones, with-
out the effect of saline groundwater.

Deviations from the simple binary mixtures are apparent in
Figs. 10–12. Using PCA and stable isotopes of water, we have
shown that sample 2 is also affected by evaporation. In addition,
Fig. 3 shows an area of high salinity which is located upstream
and close to the location of sample 2. In Figs. 10a and 11a, sample
2 would plot close to the mixing line of this sample
([Cl�] = 172.5 mmol L�1; Monjerezi et al., 2011) as the saline end-
member and the surface water end-member. Therefore, the devia-
tion for sample 2 is attributable to either the effect of evaporation
(non-conservative mixing) or inherent end-member variability. In
Fig. 12, in addition to sample 2, samples belonging to clusters C2
and C3 plot above the mixing lines, indicating that mixing of the
three end-member solutions alone cannot account for the observed
Sr concentrations and isotope values. These samples have a more
radiogenic strontium isotope composition than predicted by mix-
ing, suggesting that the observed 87Sr/86Sr ratios may be due to
mixing of the three end-members with some modification by min-
eral–water reactions.

To represent the mineral–water reactions, we simulated the ef-
fect of adding moles of Sr, with a specified 87Sr/86Sr value, to sam-
ple 27 (representing evaporated recharge), using a conservative
mineral dissolution model (Banner et al., 1989; Uliana et al.,
2007). The crossed line on Fig. 13 represents addition of Sr from
a mineral phase with 87Sr/86Sr = 0.715578, with sample 15 as the
target solution. Model results indicate that dissolution of
1.25 � 10�5 moles of Sr per litre at that ratio will reproduce the
Sr concentration and isotope ratio of the target water composition
(sample 15). The 87Sr/86Sr ratio of 0.715578 falls within the range
of silicate bearing minerals reported elsewhere (e.g. Waight
et al., 2000; Dogramaci and Herczeg, 2002; Cartwright et al.,
2007). In Fig. 13, it is possible to explain the Sr concentration
and isotope ratio for samples in clusters C2 and C3 using a combi-
nation of mass-balance mixing and conservative mineral dissolu-
tion models.

The relative contributions of each of the three end-members to
each groundwater sample can be estimated (e.g. Kawanabe et al.,
1999) by employing an overall mass balance and balances on
two conservative tracers:
f1 þ f2 þ f3 ¼ 1 ð3Þ

C1
1f1 þ C1

2f2 þ C1
3f3 ¼ C1

t ð4Þ



Fig. 15. Distribution of contributions of the three possible end-members to water
samples. The geological units and other features are as explained in Fig. 1.
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C2
1f1 þ C2

2f2 þ C2
3f3 ¼ C2

t ð5Þ

where f1 is the proportion for component 1, C1
2 is the concentration

of tracer 1 in component 2 and C1
t denotes the concentration of tra-

cer 1 in the groundwater sample.
Relative contribution for each source can be obtained by solving

simultaneously the three conservation equations, as:

f1 ¼
ðC1

t � C1
3ÞðC

2
2 � C2

3Þ � ðC
1
2 � C1

3ÞðC
2
t � C2

3Þ
ðC1

1 � C1
3ÞðC

2
2 � C2

3Þ � ðC
1
2 � C1

3ÞðC
2
1 � C2

3Þ
ð6Þ
f2 ¼
C1

t � C1
3

C1
2 � C1

3

� C1
1 � C1

3

C1
2 � C1

3

f1 ð7Þ
f3 ¼ 1� f1 � f2 ð8Þ

To facilitate the evaluation of these equations, d18O and Cl� con-
centrations were used to give an estimate of the relative contribu-
tions of the three end-members and d2H, Na+, Sr2+ and TDS were
used to compare the calculated compositions to the observed con-
centrations. Fig. 14 shows the predicted vs. observed d2H Na+, Sr2+

and TDS. The trends in the d2H, Na+ and TDS were reasonably
reproduced, whereas there was more scatter in the trend for Sr
(Fig. 14). The low correlation for Sr2+ is attributed to non-conserva-
tive mixing due to water–rock interaction reactions such as silicate
weathering, as discussed above. Fig. 15 shows spatial distribution
of the computed estimates of relative contributions from the
end-members. In the areas adjacent to the high salinity zones, con-
tribution ratio of the saline end-member (sample 8) is generally
high. In contrast, the contribution from low TDS groundwater is
apparent in the low salinity areas, which are as such not influenced
by sources of saline groundwater. These samples show instead
influence of fresh groundwater and evaporated recharge.
4. Conclusions

Identification of geochemical processes that control salinity and
evolution of groundwater is essential for predicting long-term vari-
ations in groundwater quality. In this study, a coupled geochemical
investigation of strontium isotopes, stable isotopes of water and
major ions, provided additional constraints regarding the geo-
chemical evolution of groundwater in an area where saline
groundwater occurs in several restricted locations.

The spatial distribution of 87Sr/86Sr ratios shows a general
increasing trend along flow path and reflects sediment mineralogy.
End-members representing fresh groundwater, evaporated re-
charge and saline groundwater were identified based on major
ion and isotopic composition. Statistical assessment of the data
(using PCA), coupled with major ions ratios and a conceptual eval-
uation of the strontium concentration and isotope composition
conclude that dissolution of halite is the main origin of the saline
end-member. Conservative mixing models show that brackish
groundwater, in the vicinity of salinity hot spots, results from mix-
ing of this saline groundwater with fresh groundwater and evapo-
rated recharge. For groundwater samples with relatively low
salinity, conservative mixing models indicate influence of mixing
of evaporated recharge and fresh groundwater only. In addition,
the PCA and stable isotopes of water suggest that evaporation is
important only for shallow groundwater in the areas in the Shire
marshes. However, high Cl� levels could also only be explained
by mixing with the saline groundwater end-member.

The results of this study have implications for the development
and management of groundwater salinity in this area, where
groundwater is a major source of domestic water supply. Contin-
ued water utilisation in and near the areas of saline groundwater
is likely to further increase the contamination of the fresh ground-
water resource and degradation of groundwater quality. Therefore,
in future groundwater development in the area, high abstraction
rates from the more vulnerable and contaminated groundwater
should be avoided, instead exploration of the high quality in the
areas of low salinity should be encouraged.
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Abstract 

A combination of diagnostic tools of mixing and End-Member Mixing Analysis (EMMA) 

have been applied on a dataset of groundwater chemistry and isotope composition from an 

inland region with prevailing saline groundwater. The aim was to place constraints on sources 

of the salinity. Using the diagnostic tools of mixing, hydro-chemical (EC, Cl-, Na+ and Sr) and 

isotope (δ18O and δD) parameters were identified as conservative tracers for EMMA. Three 

end-members representing saline and fresh groundwater and a possible influence of 

evaporation were distinguished. Elevated strontium concentration and a distinct 87Sr/86Sr 

isotope ratio of the saline groundwater end-member suggest an origin from evaporite mineral 

dissolution. Calculated concentrations of the identified conservative tracers, using the results 

of EMMA modeling and the respective end-member composition, were reasonably consistent 

with observed values. It was therefore concluded that the spatial variation in salinity content of 

brackish groundwater located downstream of the areas with elevated saline levels was mainly 

governed by mixing of high saline groundwater with fresh groundwater, and that evaporation 

influences the chemistry of the mixed solution. A saline end-member implies that there are 

distinct sources of saline groundwater causing localized contamination of fresh groundwater, 

as opposed to diffuse causes of groundwater salinization, such as mineralization along flow-

paths or evaporation. One possible point source of such contamination is faults as there is an 

apparent co-location between faults and saline zones. The diagnostic tools of mixing and 

EMMA approach used in this study therefore offer a valuable contrivance for understanding 

the sources of salinity and evolution of saline groundwater in the study area.  

 

Key words: End-member mixing analysis (EMMA); groundwater salinity; stable isotopes.  
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1.0 Introduction 

Groundwater resources are an important source for domestic water supply. High salinity 

content in the groundwater resources of lower Shire River valley (Malawi) (Davis, 1969; 

Lockwood Survey Cooperation, 1970; Bradford, 1973; Bath, 1980; Monjerezi et al., 2011a; 

Monjerezi et al., 2011b) is a major impediment to the exploitation of this resource for 

domestic water supply. An understanding of hydro-geochemical processes that determine 

spatial variation of salinity is essential for achieving and sustaining usable water supplies. In 

this context, it is imperative to constrain the effect of groundwater mixing of distinctly 

different sources of ground water from contributions of water–rock interaction reactions, 

evaporation, dissolution and precipitation of minerals. Preceding studies in the region have 

applied multivariate statistics (Monjerezi et al., 2011a) on groundwater chemistry and isotope 

composition (87Sr/86Sr, δ18O and δ2H) (Monjerezi et al., 2011b) to constrain the contributions 

from water–rock interaction reactions, evaporation, dissolution and precipitation of minerals.  

 

Groundwater in the lower Shire River valley area exhibits extreme gradients in chemical 

composition over short distances. High salinity groundwaters are found in distinct saline zones 

with limited spatial extent (Monjerezi et al., 2011a; Monjerezi et al., 2012). This suggests that 

mixing processes may play a governing role in determining the groundwater chemistry, 

especially of brackish groundwater. End-Member Mixing Analysis (EMMA) is a commonly 

applied approach to test and quantify effects of mixing.  EMMA is typically used to identify 

the main water sources (i.e. end-members) within catchments that contribute to stream flow 

(Christophersen et al., 1990; Christophersen and Hooper, 1992). This approach assumes that 

the chemistry of stream water is the product of conservative mixing of discrete water 

‘‘sources’’ that have unique solute composition (fingerprint) in comparison to each other and 

to the stream water. Typically, an EMMA model requires prior knowledge of both the stream 

water chemistry and potential end-members (Christophersen et al., 1990; Hooper et al., 1990; 

Christophersen and Hooper, 1992; Mulholland et al., 1990; Hangen et al., 2001; Scanlon et al., 

2001). Diagnostic tools for mixing models (Hooper, 2003) offer an alternative inverse 

approach in which eigenvector and residual analysis of stream water chemistry is used to 

estimate the number of contributing end-members and conservative tracers for EMMA. End-

member candidates and their composition of conservative tracers are then screened for their 
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ability to envelope the mixing space of observed stream water chemistry (Hooper, 2003; 

James and Roulet, 2006; Liu et al., 2008; Ali et al., 2010). 

 

In this study, a combination of the diagnostic tools of mixing models and EMMA was applied 

on groundwater chemistry and isotopic composition from the lower Shire River valley in order 

to assess the chemical contributions from end-member groundwater sources. EMMA is used 

to test a previously developed conceptual model (Monjerezi et al., 2011b), based on chemical 

tracers, describing the evolution of groundwater chemistry in the Lower Shire valley. In 

particular, EMMA is used to test a hypothesis that hydro-chemical and isotopic signatures of 

the brackish groundwater is mainly governed by mixing of distinct point sources of input (i.e. 

end-members). The dimensionality (or number of end-members) required to explain the 

observed groundwater chemistry and the solutes that can be assumed to act conservatively for 

implementation in EMMA were determined using the diagnostic models of mixing (Hooper, 

2003). A physical interpretation of the contributing end-members is performed by screening 

the potential end-members against the eigenvector analysis of groundwater chemistry and 

therefore offers a possible interpretation of potential contributing sources of salinity.  

 

2.0 Materials and Methods 

2.1 Study area 

Malawi is located within the western branch of the East African Rift system (EARS) and the 

study area (Fig. 1) is located at the southern tip of Malawian section of the rift (Ebinger et al., 

1987; Chorowicz, 2005). Habgood (1963) described the geology of the area. The area is 

intensely faulted (Habgood, 1963; Castaing, 1991; Chapola and Kaphwiyo, 1992). Tectonic 

activity has varied, with the oldest dating back to 2000 – 1400 million years ago and the 

youngest still being active. Tectonic activities are considered to be mainly due to the 

reactivation of NW–SE structures (Tiercelin et al., 1988), which resulted in the creation of 

NE–SW troughs (Castaing, 1991). Major faults in this zone include Mwanza and Panga Faults 

on the western bank, and Thyolo and Muona Faults on the eastern bank (Figs. 1 and 2a). Hot 

springs exist along the Mwanza Fault, representing the most recent stages of the Cretaceous 

hydrothermal activities (Cooper and Bloomfield, 1961). 
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The Malawi Basement Complex (Habgood, 1963; Carter and Bennet, 1973; Bloomfield et al., 

1966; Morel, 1989) underlies the area. On the western bank of Shire River, Karoo sedimentary 

rocks (Habgood, 1963; Castaing, 1991) overlie the basement rocks. Sedimentary rocks of the 

Karoo system found in the area include coal shales, lower and upper sandstones, grits and 

shales, and red beds (Habgood, 1963; Castaing, 1991). Some of the Red Beds appear to have 

been deposited in a sub-aerial environment at a time of low relief, and others in shallow pools 

of high salinity. Cretaceous formations (Fig. 1), which also consists of sandstones, shale and 

marls (Habgood, 1963) overlie the Karoo sedimentary system. The outcrop of the sandstones 

gives rise to dry infertile soils, which frequently supports a vegetation characteristic for areas 

with saline groundwater (Habgood, 1963). 

 

The climax of the Karoo faulting was the eruption of volcanic basalts and dolerites during 

early Jurassic period. There are also hydrothermal fault rocks, associated with Karoo boundary 

faults. The floor of the lower Shire River valley is a piedmont plain consisting of a large 

amount of poorly sorted unconsolidated alluvium and colluviums, derived from surrounding 

consolidated rocks (Habgood, 1963). In general, groundwater flow is towards the Shire River 

(Bradford, 1973; Monjerezi et al., 2011a).  

 

2.2 Dataset 

The hydro-chemical and isotope data used in this paper were compiled from Monjerezi et al. 

(2011a) and Monjerezi et al. (2011b), respectively. Groundwater samples were collected from 

boreholes and shallow hand dug wells used for rural water supply. Stream water samples were 

collected from Shire River and one of its tributaries (see Fig. 1).Sampling campaigns were 

conducted in 2008 and 2009. The samples were analysed for pH, EC, TDS, major solutes 

(Monjerezi et al., 2011a,b), 87Sr/86Sr, δ18O and δ2H (Monjerezi et al., 2011b). The details of 

sampling procedures and analytical methods are provided in Monjerezi et al. (2011a) and 

Monjerezi et al. (2011b).  

 

2.3 Cumulative Probability Distributions (CPD) 

Natural background concentrations and threshold values were studied in order to discriminate 

natural anomalies, whose chemistry was affected locally by salinization, from a background 



 5 

population of fresh groundwater using Cumulative Probability Distributions (CPDs). CPDs for 

TDS and the major ions in saline water (Na+, Cl- and SO42
-), were drawn and interpreted. The 

CPD of a parameter confers an assessment of the proximity to a normal or log-normal 

distribution and is most frequently used for determination of threshold values. If data have 

more than one population, each population can be differentiated by the intersection points of 

two neighbouring linear populations (Lepeltier, 1969; Sinclair, 1974; Park et al., 2005; Koh et 

al., 2009). There are a number of methods used for estimating thresholds and they all have 

associated drawbacks (Reimann et al, 2005; Panno et al., 2006; Nakić et al., 2007; Koh et al., 

2009).  Our aim was not to give a proper estimate of thresholds but rather to demonstrate the 

presence of an anomalous distribution.  

 

2.4 Conservative tracers and number of end-members  

The selection of conservative tracers was based on a combined analysis of mixing diagrams 

(Hooper et al., 1990), linear trends between observed parameters (James and Roulet, 2006; Ali 

et al., 2010) and diagnostic tools of mixing models (Hooper, 2003). The first step was to 

identify conservative tracers and determine the appropriate number of end-members for 

EMMA, using the diagnostic tools of mixing developed by Hooper (2003).  A matrix, X (n x 

p), of ground- and surface water chemical data, consisting of n samples on which p parameters 

had been determined, was standardized to give a matrix, X*, whose element values were given 

by: 

( )
j

jij
ij s

xx
x

−
=*           (1) 

where jx denotes the mean of the jth parameter and sj is its standard deviation.  

Principal Component Analysis (PCA) was then performed on X* in order to determine a rank 

of the dataset. A new matrix (m x p) formed by the first m eigenvectors, denoted V, is the basis 

of a new m-dimensional subspace (Christophersen and Hooper, 1992). X* was then projected 

into this subspace using the eigenvectors according to eqn. 2: 

( ) VVVVXX TT 1**ˆ −
=          (2) 

where *X̂  is the projection of X*  using the matrix of the first m eigenvectors, V.  
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Subsequently, *X̂ was de-standardized by multiplying by the standard deviation of each 

parameter and adding the mean to yield a matrix, X̂  (Hooper, 2003). Residuals (E) were then 

calculated for each parameter, as the difference between the projected ( X̂ ) and original data 

(X). Diagnostic plots were made by plotting the residuals (ej) against the observed 

concentration (xj) for each solute j (Hooper, 2003).  

 

A well-posed model shows a random distribution of the residuals as a function of observed 

concentration. Any structure in the distribution suggests a lack of fit in the model, which can 

arise from the violation of any of assumptions inherent in a conservative mixing model. 

Additional eigenvectors were retained until there was no structure in the residuals. The data 

were projected into a one-, two-, and three - dimensional subspace defined by the first, second 

and third eigenvectors using Eqn. 2 (Hooper, 2003).  

 

Dimensionality determined by the residual analysis was considered in conjunction with the 

rule of 1, where each additional eigenvector retained should explain at least 1/(number of 

parameters) of variance in the dataset. In addition, the fit between measured water chemistry 

and their orthogonal projections was evaluated using the relative root-mean-square error 

(RRMSE) for each solute j (Eqn. 3). 

 

( )

j

n

i
ijij

j xn

xx
r

.

ˆ
2

1
∑
=

−
=          (3) 

where i is the ith sample, x̂  is the predicted concentration, x is the measured concentration, and 

x is the mean of the measured concentration from all samples. The RRMSE provides an 

indication of ‘‘thickness’’ of the data cloud outside the lower dimensional subspace (Hooper, 

2003).  

 

2.5 End-Member Mixing Analysis (EMMA) 

EMMA (Christophersen and Hooper, 1992; Christophersen et al., 1990) was used to identify 

end-members (water compartments) and their proportional contribution to each of the 
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groundwater samples. PCA was performed on a standardised matrix, *
TX  (n x t) comprising t 

selected conservative tracers. The conservative tracers were subsequently orthogonally 

projected (U-space) using the eigenvectors according to Eqn. 4. 

 
T

TTVXU *=           (4) 

where U is the orthogonally projected data matrix (n x m), in which m is one less than the 

number of end-members (the rank of the dataset comprising conservative tracers). VT (m x t) is 

the eigenvector matrix truncated from a t x t eigenvector matrix obtained from PCA using t 

conservative tracers. 

 

The end-members were chosen if they exhibited distinct solute concentrations and bound 

groundwater chemistry in U-space (Hooper, 2001; James and Roulet, 2006; Ali et al., 2010). 

End-members were further evaluated based on the distance between their original 

compositions and U-space projections.  In order to do this, the end-members were removed 

from the dataset of the selected conservative tracers, after which the dataset was standardised 

and subjected to an eigenvector analysis (PCA). The end-members were also standardized 

using the mean and standard deviation of the dataset. The standardized dataset was projected 

into U-space defined by eigenvectors from the PCA, along with the end-members using Eqn. 

4. The Euclidean distance (dj) between original chemical compositions (bj) and the U-space 

orthogonal projections (b*
j) of the end-members were calculated using Eqns.5 and 6 

(Christophersen and Hooper, 1992): 

 
*
jjj bbd −=           (5) 

( ) T
T

TT
T

Tjj VVVVbb 1* −
=          (6) 

 

The orthogonal (U-Space) projections of groundwater samples and end-members were used to 

determine the proportional contributions of the end-members to each of the groundwater 

samples using mass balance calculations. For the case of three end-members (which is found 

in this study), the proportion of each potential end-member in the observed groundwater was 

obtained by solving the linear system formed by Eqn. 7 – 9.  
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1321 =++ fff         (7) 

1
3

1
32

1
21

1
1 tUfUfUfU =++       (8) 

2
3

2
32

2
21

2
1 tUfUfUfU =++       (9) 

 

where f1 is the relative contribution of end-member 1, 1
2U  and 1

tU  denote the concentration of 

end-member 2  and groundwater sample, respectively, projected in the first principal 

component (U1).  

Therefore, the relative contribution for each end-member can be obtained by applying the 

solution to the simultaneous conservation equations above (Eqns. 7-9), as follows: 

 

( )( ) ( )( )
( )( ) ( )( )2

3
2

1
1
3

1
2

2
3

2
2

1
3

1
1

2
3

21
3

1
2

2
3

2
2

1
3

1

1 UUUUUUUU
UUUUUUUUf tt

−−−−−
−−−−−

=      (10) 

11
3

1
2

1
3

1
1

1
3

1
2

1
3

1

2 f
UU
UU

UU
UUf t

−
−

−
−
−

=        (11) 

213 1 fff −−=          (12) 

Due to various sources of error, such as non-conservative mixing and temporal variations in 

end-member composition, some groundwater samples lie outside the mixing domain 

enveloped by the end-members. In these cases, the solutions to the above equations (Eqns. 10-

12) result in negative end-member fractions, which is not sound. The outlier observations were 

therefore perpendicularly projected to a line joining the two non-zero end-members and solved 

geometrically in U space as binary mixtures of these two end-members (see Liu et al., 2004). 

 

3.0 Results 

3.1 Distribution of major solutes and salinity 

Monjerezi et al. (2011a, b) and Monjerezi et al. (2012) provide a detailed description of spatial 

variation of major solutes in the study area. Briefly, Ca-(Mg)-bicarbonate and mixed-

bicarbonate type groundwater is associated with low salinity. Na-Cl groundwater type is 

associated with high salinity areas (Fig. 2b), whereas relatively less saline groundwater in the 

proximity of the areas of high salinity is characterised by Na-mixed anion or Na-Ca (Mg)-Cl 
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and Na-HCO3 type water (Monjerezi et al., 2011a; 2011b), indicating possible interaction 

between saline and fresh groundwater. This interaction is confirmed by a semilog plot of Na+ 

vs. Cl- (Fig. 2c), in which a steep slope is found for samples with relatively low chloride 

content, while a gentler slope is observed at higher chloride concentrations. The bimodal slope 

suggests a transition from fresh groundwater to groundwater with relatively high salinity (cf. 

Nordstrom et al., 1989).  

 

Saline groundwater is found close to Shire River and in distinct sites associated with the 

Karoo and Cretaceous formations on the western bank of the Shire River (Fig. 2a). The areas 

with the Karoo basalt outcrop and their derived sediment and those associated with the 

Basement Complex provide fresh groundwater with low mineralisation. The concentrations of 

all major anions and cations vary widely with high standard deviations (Monjerezi et al., 

2011a). Salinity (TDS) and the dominant solutes in saline groundwater (Na+, Cl- and SO4
2-) 

show highly skewed distributions, having clear outliers (Fig. 3). Their log-transformed values 

had relatively symmetrical distributions around medians, with fewer outliers, though a tail at 

high concentration ranges is still apparent (Fig. 3). This indicates that the samples with high 

salinity can be attributed to an anomalous population (cf. Park et al., 2005; Mondal and Singh, 

2011). The existence of anomalous groups is also evident in the cumulative probability 

distribution (CPD) plots in Fig. 3 (Lepeltier, 1969; Sinclair, 1974; Park et al., 2005). 

 

3.2 Conservative tracers 

The results of PCA, as applied to all the measured parameters, are shown in Table 1. Since 

there were thirteen parameters in this analysis of the correlation matrix, an eigenvector must 

explain more than 7.7% (one thirteenth) of the variation of the dataset to be retained using the 

rule of one. Therefore, three eigenvectors should be retained, accounting for 77.6% of the 

variance in the data (Table 1). The % RRMSE obtained using different number of dimensions 

of mixing space is shown in Fig. 4a, and the residual plots are shown in Figs. 5 and 6. The 

patterns of the residuals show that pH, 87Sr/86Sr, δ18O, δ2H, Ca2+, Mg2+, K+, HCO3
- and SO4

2- 

do not fit the one-dimensional (linear) sub-space. On the other hand, the distributions of 

residuals of EC, Sr, Cl- and Na+ showed a near random pattern in 1-D mixing space and there 

is slight change in their patterns and RRMSE values in 2-D mixing space (Figs. 4a, 5 and Fig. 
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6). When the dimensionality of the mixing subspace was increased to two, the fit of residuals 

and RRMSE values for δ18O and δ2H improved. Some curvature remained for pH, 87Sr/86Sr, 

Ca2+, Mg2+, K+, HCO3
- and SO4

2-. This problem diminished further when a third eigenvector 

was retained, except for 87Sr/86Sr, K+, and Mg2+. In general, an improvement in fit of residuals 

was accompanied by a fall in RRMSE values.  

 

Additional insight into the structure of the dataset was gained by examining linear trends in 

matrix plots (Fig. 7). Although linear trends in these plots do not confirm conservative mixing, 

they are consistent with its core principle (Christophersen and Hooper, 1992; Hooper, 2003; 

James and Roulet, 2006; Liu et al., 2008; Ali et al., 2010). In Fig.7, a number of solute pairs 

are observed to be collinear. Solutes associated with saline water exhibit strong linear trends 

(r2 > 0.5; p < 0.001); i.e. EC-Sr, EC-Na, EC-Cl, EC-Mg, Mg-Sr, Na-Sr, Cl-Sr, Cl-Na and 

δ18O-δ2H. Weaker linear trends (0.2 < r2 < 0.5, p < 0.05) are observed for EC-Ca, K-87Sr/86Sr, 

K- δ18O, K-δ2H, Sr-87Sr/86Sr, Ca-Sr, Na-SO4
2-, Cl-SO4

2-,  HCO3
--SO4

2-, Mg-Na and Mg-Cl 

pairs. The scatter in projections for more than one solute, as observed in this dataset, suggests 

a rank of at least two (Hopper, 2003) and therefore is consistent with the diagnostic analysis. 

Based on strong linear trends in the bivariate plots and residual structure, EC, Na+, Cl-, Sr, 

δ18O and δ2H were included, as conservative tracers, in EMMA.  

 

3.3 End-members 

The results of PCA, as applied to the selected conservative tracers (EC, Na+, Cl-, Sr, δ18O and 

δ2H), are shown in Table 2. Since there are six parameters in this analysis, an eigenvector 

must explain more than 16.7% (one sixth) of the variation in the dataset, for it to be retained 

using the rule of one. Therefore, two eigenvectors should be retained accounting for 92% of 

the variance in the data (Table 2). The distributions of residuals between measurements and 

predictions of groundwater chemistry in 1-, 2- and 3-dimensional (1-D, 2-D and 3-D) mixing 

space are shown in Fig. 8, whilst their RRMSE values are shown in Fig. 4b. The distributions 

of residuals of EC, Na+, Cl- and Sr were near a random pattern in 1-D mixing space, although 

slight pattern can be observed for Sr. Patterns of the residuals for these parameters show only 

slight change in the 2D mixing space (Fig. 8). In contrast, the residuals of δ18O and δ2H were 

strongly patterned in 1D mixing space. However, they had similar RRMSE as Na+, Sr and Cl- 
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(Fig. 4b). When 3D mixing space is considered, EC, δ2H and δ18O do not show significant 

change in pattern of their residuals (Fig. 8) and RRMSE values (Fig. 4b). There are only slight 

improvements for Cl- and Na+ and noticeable improvement in the pattern and RRMSE values 

for Sr. Therefore, on the basis of the eigenvector (Table 2) and residual analysis (Fig. 8), three 

end-members appear to be sufficient to explain the total variance of solute and isotopic 

content of the groundwater samples using EMMA. 

 

The end-members were identified using mixing diagrams (Christophersen et al., 1990; Hooper 

et al., 1990) (Fig. 9). The majority of the groundwater samples were enclosed within a triangle 

defined by mixing lines involving the same three potential end-members (sites 8, 16 and 27) 

(Fig. 9). The chemistry of the groundwater samples were consistently bounded between 

relatively high salinity (EC, Na+, Cl- and Sr) groundwater (sample 8), surface water (sample 

27, from Shire River) and fresh (relatively low EC, Na+, Cl-, Sr) groundwater (sample 16). The 

end-members must exhibit distinct concentrations (fingerprint) of the conservative tracers 

included in EMMA (Hooper et al., 1990; James and Roulet, 2006; Ali et al., 2010). Fig. 10 

compares the characteristic geochemical signatures of the samples in order to select 

representative samples for end-members. Sample 8, is the most saline (of the considered 

samples), exhibiting the highest values of Na+, Cl- and Sr. This sample is also not enriched in 

δ18O and δ2H, indicating minimal effect of evaporation. This sample therefore offers the 

representation of a saline groundwater end-member.  Sample 16 is among the low salinity 

(fresh) groundwater samples and is the least enriched in δ18O and δ2H. The composition of 

stable isotopes of water of this sample was reported to resemble that of locally generated 

groundwater in a preceding study (Monjerezi et al., 2011b). Sample 16, therefore offers 

representation of a fresh groundwater end-member. The surface water sample 27 (Shire River) 

exhibits the lowest salinity (EC, Na+, Cl-, Sr), but is the most enriched in δ18O and δ2H. The 

enrichment in the heavier water isotopes (δ18O and δ2H) is attributable to effect of evaporation 

(Monjerezi et al., 2011b). Hence it can also represent an evaporated groundwater recharge (cf. 

Woods et al., 2000; Monjerezi et al., 2011b). Practically, much of the flood plain is inundated 

annually and the bulk of the marsh is flooded throughout the year. 
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The U- space projection of the standardized dataset of the selected conservative tracers is 

shown in Fig. 11a. The same three end-members as in the mixing diagrams (Fig. 9) were 

found to geometrically envelop the groundwater samples, implying that the selection of end-

members allows an EMMA calculation. The Euclidean distances between the end-member’s 

original compositions and U-space projections are shown in Table 3. The end-members with a 

shorter Euclidean distance are the better fit to EMMA (Liu et al., 2008). The distance of the 

saline end-member was shorter than the other two end-members for EC, Na+ and Cl-and was 

similar to the fresh groundwater end-member for Sr, δ18O and δ2H (Table 3).The isotopes, 

δ18O and δ2H, have the least distance for all end-member samples, reflecting that conservative 

behaviour is more apparent regarding these tracers. Of the end-member samples, the distance 

was greater for the evaporated recharge end-member (sample 27), with high values especially 

for Na+ and Cl- (Table 3). This is attributable to their low concentrations in this end-member 

(cf. Liu et al., 2004). With the exception of Na+ and Cl- for the evaporated recharge end-

member, the differences between projected and measured values for the selected end-member 

representatives are comparable to those reported elsewhere (Christophersen and Hooper, 1992; 

Liu et al., 2004; James and Roulet, 2006; Liu et al., 2008). 

 

3.4 Quantification of end-member contributions 

The spatial distribution of the contribution of each end-member to the groundwater chemistry 

is depicted in Fig. 12. Contribution of the saline end-member is generally high in the areas 

adjacent to the high salinity zones. In contrast, the contribution from the fresh groundwater 

end-member is high in the low salinity areas, which are also influenced by the evaporated 

recharge end-member. 

 

The EMMA model results were evaluated by calculating concentrations of all conservative 

tracers in each sample based on the end-member composition and relative contribution and 

comparing them to the measured values (Fig. 13). Overall, the trends in EC, Na+, Cl-, δ18O and 

δ2H were reasonably reproduced, whereas there was more scatter in the trend for Sr.  
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4.0 Discussion  

4.1 Conservative tracers and end-members 

Application of the diagnostic tools of mixing models (Hooper, 2003) on the whole dataset the 

selection of EC, Na+, Cl-, Sr, δ18O and δ2H as a reasonable set of conservative tracers. 

Residual analysis applied on a dataset of the selected conservative traces indicated a rank of 2 

for the dataset and therefore the possibility of using three end-member water sources to 

produce the observed groundwater chemistry. The three identified end-members represent 

fresh- and saline groundwater and the effect of evaporation.  

 

The structure observed in two dimensions for some of the parameters could arise because of 

non-conservative processes. Examination of the eigenvectors indicates that the third 

eigenvector has positive coefficients (loadings) for pH, HCO3
- and SO4

2-, whereas there are 

negative coefficients for Ca2+ and Sr. Na+ also has a positive coefficient, although low loading 

(Table 1). The third eigenvector therefore implies that an increase in HCO3
-, SO4

2-, and pH, 

and slightly for Na+, is associated with a decrease in Ca2+ and Sr. The conceptual mechanism 

for such a relationship is cation-exchange involving the depletion of the alkaline earth 

elements and enrichment of the alkali elements (Monjerezi et al., 2011b). Cation exchange 

leads to more weathering and/or dissolution (e.g. of plagioclase, carbonates, and gypsum) 

reactions to compensate for the removal of Ca2+ from solution. In these reactions, there is 

consumption of H+ ions, but release of HCO3
- and SO4

2- which leads to increase in pH, HCO3
- 

and SO4
2-. There is a small effect on Na+ ions probably because of their high content in saline 

groundwater; hence the composition of the saline source dominates in the mixture. Usually, 

variation in 87Sr/86Sr ratios is linked with weathering of sediments with different composition 

of radiogenic strontium isotope (e.g. Négrel et al., 2001). This variation is associated with the 

4th eigenvector (Table 1).  

 

The chosen parameters are also conceptually plausible to be considered as conservative tracers 

since the influence of geochemical reactions on their composition is likely to be negligible. 

Owing to the large difference in salinity (EC) and solute content of Na+, Cl- and Sr between 

saline and freshwater, the chemical composition of the contaminated water mimics the 

composition of the saline source (Vengosh, 2005). In most low-temperature groundwater 
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environments, stable hydrogen and oxygen isotopes are transported conservatively in the sense 

that interactions with oxygen and hydrogen in organic and geologic materials have a 

negligible effect on the ratios of isotopes in the water molecule (Kendall and Caldwell, 1998).  

 

4.2. End-member mixing analysis 

In general, groundwater chemistry is reasonably reproduced (Fig. 13) and the relative 

contributions of the end-members follow the salinity pattern (Fig. 12). The low reproducibility 

for Sr, as calculated by EMMA, is confirmed by the pattern of the residuals for Sr (Fig. 8), in 

which the structure disappears when a third dimension is considered. The curvature in 2-D is 

attributable to non-conservative behaviour (Hooper, 2003). The relative contributions of the 

end-members imply that the effect of evaporation is especially important for sites 2 and 31 

(Fig. 12). The sites 2 and 31 are located in the floodplains of the Shire River and the samples 

were collected at the ground water table found within only 1 m depth in the soils. In this area, 

transmissivities (Monjerezi et al., 2012) and hydraulic gradients (Bradford, 1973; Monjerezi et 

al., 2011a; Sehatzadeh, 2011) are low, suggesting very slow groundwater flow, which coupled 

with a shallow water table, may enhance effects of evaporation. Patches of strongly saline and 

sodic soils also occur in this area.  Their isotope composition is therefore likely influenced by 

evaporation from the soil surface (Monjerezi et al., 2011b). Therefore, the deviation from 

conservative mixing for sample 2 may be attributable to the effect of evaporation which leads 

to non-conservative mixing. 

 

EMMA was used to test a hypothesis that the hydro-chemical and isotope signatures of the 

brackish groundwater result largely from distinct sources of input or end-members, and 

groundwater mixtures thereof. The hydrochemistry of the groundwater samples computed 

from the end-member mixing model are reasonably consistent with observed values (Fig. 13 

and Table 4). Therefore the hypothesis is, at least, physically possible and implies that the 

groundwater mixing may have a large influence on hydro-chemistry for this setting. If 

groundwater chemistry, were dominated by water-rock chemical interactions (which are 

equilibrium reactions), the groundwater chemistry would not be explained by a set of linear 

equations because multivalent ions involve polynomial processes. This is a mathematical 

necessity since the number of charges serves as power of ionic concentrations in the 
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equilibrium constant equation. Consequently, the residuals of groundwater chemistry between 

measurements and projections by eigenvectors of PCA should show a structured pattern with 

pertinent measurements.  

 

Salinity in the study area is restricted to number of saline zones (SZ) (Fig. 2a). The semi-log 

plot of Na+ vs. Cl- (Fig. 2c) shows a bimodal relationship in which the samples in the saline 

zones have a distinctly different slope from the majority of samples with relatively low 

chloride and sodium content. The bimodal slope is indicative of a transition from fresh 

groundwater to groundwater with relatively high salinity found in the saline zones (cf. 

Nordstrom et al., 1989).  In order to establish the presence of an anomalous population (saline 

zones), cumulative probability distributions (CPD) for TDS and the major ions in saline water 

(Na+, Cl- and SO4
2-; Fig. 3), were drawn and interpreted. The CPD plots (Fig. 3) show that the 

dataset can be divided into three populations: the first with high concentrations (anomalous), 

second with low concentrations (background) and the third in the middle characterized by a 

mixture of the two extreme populations (cf. Sinclair, 1974; Park et al., 2005, Koh et al., 2009). 

An analysis of the CPD of TDS revealed the divisions (vertical dashed lines in Fig. 3a), such 

that an upper threshold (7 110 mg L-1) and a lower threshold (780 mg L-1) for TDS (Fig. 3a) 

were discerned, grouping the groundwater samples into three major populations. The lower 

threshold value coincides with the median TDS of the dataset, whereas the upper threshold is 

the same as that calculated by using mean plus two standard deviations (μ + 2σ) method 

(Sinclair, 1974; Reimann et al., 2005). The membership of the group with high TDS content is 

exclusively composed of the samples in the saline zones (SZ). The CPD analysis and EMMA 

therefore gave complimentary results. The existence of an end-member representing saline 

groundwater implies the presence of an extreme group of groundwater samples with 

anomalously high salinity content.   

 

Groundwater samples from the saline zones contain a chemical signature that is similar to 

each other (Na-Cl type). The exception is for SZ5, which has Na-SO4 type water (Fig. 2b). 

Fig. 2d shows a general trend towards saturation with calcite with increasing TDS content. 

The anomalous high chloride groundwater is also characterised by high pCO2 values and 

relatively high sulphate content. It is not only the major ionic composition of the groundwater 
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in the saline zones that vary. 87Sr/86Sr isotopic ratios increase along a flow-path towards Shire 

River, with the least radiogenic groundwater samples mainly those associated with the 

Cretaceous Lupata sandstones (Monjerezi et al., 2011b). Moreover, samples with relatively 

high salinity follow a trend of increasing strontium concentration, with a decrease in 87Sr/86Sr 

isotope ratio, overlapping those of modern seawater (Monjerezi et al., 2011b; Fig. 14). This 

trend indicates that the saline groundwater acquires strontium from a non-radiogenic source, 

such as evaporites. The Cretaceous sandstones consist of calcareous shales and marl 

(Habgood, 1963), which are expected to have low 87Sr/86Sr isotope ratios (cf. Négrel et al., 

2001). Site 9 (TDS = 3 020 mg L-1) and Site 29 (TDS = 956 mg L-1) are in the vicinity of site 

8 (TDS = 7 770 mg L-1). Sites 8 and 9 have similar 87Sr/86Sr isotope ratios, whereas site 29 has 

the least radiogenic strontium isotopic composition (0.7085) of all the samples (Fig. 14). This 

lowest ratio is in the range of Cretaceous marine 87Sr/86Sr ratios and thus probably reflects 

water–rock interaction with less radiogenic calcareous matrix of the Cretaceous sandstones, 

without the effect of saline groundwater. The high Sr concentration in the high saline sample 

(site 8) is therefore anomalous, indicating an external source for the formation of the saline 

groundwater (cf. Banner et al., 1989; Vengosh et al., 1999).  

 

Elevated groundwater salinity appears to be associated with the presence of the sedimentary 

Karoo (e.g. SZ1; Bradford, 1973) and Cretaceous Lupata (e.g. SZ5 and SZ6; Bradford, 1973) 

formations and fault zones (Fig. 2a). SZ1 is located in the Karoo formation, which is 

intersected by numerous normal faults (Habgood, 1963; Castaing, 1991). The subsurface 

extension of the Mwanza fault under the colluviums and alluviums has been determined using 

gravimetric (Davis, 1969) and magnetic (Bennet, 1972) surveys. Saline zones SZ2-SZ4 are 

located along or close to this fault, whereas SZ5 is associated with the Panga fault (Fig. 2a).  

SZ6 is not located close to any of the currently mapped faults but appears to be on the 

subsurface extension of the Telegraph fault (Fig. 2a). This suggests that a possible physical 

source of the anomalous group of groundwater samples (comprising the saline end-member) 

may be selective intrusion of mineralised water coming from the deeper sedimentary Karoo 

(e.g. Red beds and carboniferous shales) and Cretaceous Lupata formation through faults.  
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Similar occurrence and distribution of chloride contamination in fresh water aquifers have 

been attributed to fault zones in Florida (Sproul et al., 1972; Leve, 1983; Maslia and Prowell, 

1990; Spechler, 1994), Israel (Weinberger et al., 992; Kronfeld et al., 1993; Weinberger and 

Rosenthal, 1994; Avisar et al., 2004), Canadian shield (Gascoyne and Kamineni, 1993; 

Bottomley et al., 1994; Gascoyne, 2004), Texas  (Land and Prezbindowski, 1981; MaClay and 

Small, 1983) and Australia (Engel et al., 1987; Knight et al., 1989; McFarlane and George, 

1992; Salama et al., 1993; Clarke et al., 2002; Morgan and Jankowski, 2004; Morgan et al., 

2006). Fault zones within an aquifer act as conduits for discharge of deeper saline 

groundwaters that are under pressure, creating local point sources of saline water at depth 

(Avisar et al., 2004). In the study area, the groundwater is reported to be mostly under artesian 

pressure and non-flowing leaky confined conditions with upward leakage are common on the 

valley floor (Bradford, 1973). The co-existence of structural fault features and saline 

groundwater in the study area has been recognized previously (Davis, 1969; Bennet, 1972; 

Bradford, 1973).  

 

5.0 Conclusions 

Groundwater resources in the lower Shire valley have anomalous zones of relatively high 

salinity leading to extreme gradients in salinity over short distances. It was hypothesized that 

the hydro-chemical signature of the brackish groundwater is mainly the results of discrete 

sources of input (or end-members) to the groundwater system and groundwater mixtures 

thereof. A combination of diagnostic tools of mixing models and EMMA were employed on a 

chemical and isotopic dataset of groundwater from the area in order to test the hypothesis.  

The diagnostic tools of mixing were successfully used to appraise the feasibility of using 

mixing models in the study, determine the rank of groundwater chemical and isotopic data and 

identify solutes that can be expressed as conservative tracers. EMMA distinguished between 

saline and fresh groundwater end-members and an influence of evaporation. The δ18O and δ2H 

isotopic signatures of both the saline and fresh groundwater end-members suggest meteoric 

origin. However, the δ18O and δ2H isotopic signature of the fresh groundwater end-member 

resembles that of locally generated groundwater. On the other hand, the Sr concentration and 
87Sr/86Sr isotope ratio of the saline groundwater end-member suggest an origin from evaporite 

mineral dissolution. Calculation of the composition of identified conservative tracers, using 
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the results of EMMA and chemical compositions of end-members, provided a quantitative 

assessment of model results which are consistent with observed values. It is therefore 

concluded that this hypothesis is physically possible and that groundwater mixing might have 

a large influence on hydrochemistry for this setting.  The evidence of a discrete saline end-

member implies that there is a source of localized contamination of fresh groundwater with 

saline groundwater, as opposed to an increase in salinity along flow-paths. The spatial 

distribution of saline groundwater contamination is linked to faults. The application of this 

method is therefore useful as a starting point for understanding the sources of salinity and 

evolution of saline groundwater in the study area. 
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Table 1. Eigenvector analysis for all measured parameters1.  
 
Parameter Rank 

1st  2nd  3rd  4th  5th 
EC 0.42 0.01 0.11 -0.07 -0.11 
H+ 0.27 -0.16 -0.37 0.22 0.45 
δ2H -0.05 0.55 -0.03 -0.30 0.18 
δ18O -0.03 0.53 -0.02 -0.34 0.31 
87Sr/86Sr -0.13 0.34 0.13 0.65 -0.19 
Sr 0.41 -0.04 -0.21 -0.13 0.04 
Ca 0.25 0.12 -0.42 0.27 -0.21 
Na 0.39 0.04 0.17 -0.18 -0.35 
Cl 0.40 0.04 0.16 -0.18 -0.26 
K 0.15 0.46 0.02 0.23 -0.22 
HCO3

- 0.09 -0.18 0.57 0.00 0.11 
SO4

2- 0.19 0.09 0.48 0.27 0.40 
Mg 0.35 0.03 -0.04 0.20 0.40 
      
Eigenvalue 4.98 2.73 2.05 0.93 0.69 
%Variance 39.55 21.74 16.33 7.41 5.47 
%Cumulative 
variance  

39.55 61.29 77.62 85.03 90.50 

 
1Only the first 5 Ranks are shown. One hundred percent of variance is explained for a rank of 
13 (the total number of solutes included in this analysis). With 13 solutes, the rule of 1 retains 
eigenvectors explaining 1/13th (7.69%) of variance. The highlighted scores for the 3rd Rank 
are discussed in the text.   



 
Table 2. Eigenvector analysis for the parameters selected as conservative tracers1.  
 

 

 
1Only the first 5 Ranks are shown. One hundred percent of variance is explained for a rank of 
6 (the total number of solutes included in this analysis). With 13 solutes, the rule of 1 retains 
eigenvectors explaining 1/6th (16.67%) of variance. The highlighted scores for the 3rd Rank 
are discussed in the text.   
  

Parameter Rank 
1st  2nd  3rd  4th  5th 

EC 0.51 0.03 -0.06 0.73 -0.23 
δ2H -0.07 0.70 0.00 -0.20 0.32 
δ18O -0.06 0.70 0.06 0.23 -0.30 
Sr 0.46 0.01 0.85 -0.16 0.16 
Na 0.51 0.06 -0.44 0.00 0.65 
Cl 0.51 0.08 -0.28 -0.59 -0.55 
      
Eigenvalue 3.47 1.90 0.31 0.08 0.03 
%Variance 59.68 32.76 5.42 1.40 0.47 
%Cumulative 
variance  

59.68 92.44 97.86 99.26 99.73 



 
Table 3. Difference of end-Members between U-space projections and their original values 
 

 
  

End Members EC 
(µS/cm) 

δ2H 
(‰) 

δ18O 
(‰) 

Sr 
(mg/L) 

Na 
(mg/L) 

Cl 
(mg/L) 

Sample 8 Value  15540 -41.3 -6.0 9.0 3050 4719 
 Orthogonal 

Projection 
17428 -40.4 -5.9 11 2530 4454 

 Difference 
(%) 

-12.1 2.2 1.5 -17.3 17.0 5.6 

Sample 16 Value  1568. -46.9 -7.4 1.7 121 153 
 Orthogonal 

Projection 
1950 -47.7 -7.2 2 67 19 

 Difference 
(%) 

-24.3 -1.8 2.3 -16.8 44.7 87.3 

Sample 27 Value  254 11.2 1.8 1.0 20 8 
 Orthogonal 

Projection 
483 12.0 1.6 -0.1 126 184 

 Difference 
(%) 

-90 -7.8 12.8 115 -523 -2131 



 
 

 

  

 
 

 
Fig. 1. Map of the study area showing location, geology (adapted from Habgood, 1963) and 
sample locations. Inset shows location of the study area in Malawi (Africa). The samples on 
which isotope analysis was done are marked. 
 



 

 

 

 
 

 
 

 
 

 
Fig. 2.  (a) Spatial distribution of salinity (EC in µS/cm) in relation to geological structures in 
the study area. Subsurface extension of the Mwanza fault is adapted from Bennet (1972), 
Bradford (1973) and Castaing (1991). See Fig. 1 for explanation of the geological features. (b) 
Comparison of ionic composition of the most saline samples from the saline zones. (c) semi- 
log plot for Na+ and Cl- concentrations, showing the break in slope depending on sample 
salinity. (d) Variation of saturation index for calcite with salinity (TDS). Same legend as in 
2(c) applies in 2(d).   
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Fig. 3. Cummulative probability diagrams of (a) total dissolved solids, (b) chloride, (c) 
sulphate and (d) sodium. A histogram and box and whisker plot of the data is also shown. 
 



 

 
 
Fig. 4.  Relative root mean square error (RRMSE) under 1-D, 2-D and 3-D mixing space for 
(a) all observed parameters and (b) selected conservative tracers. 
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Fig. 5. Plots of residuals against concentrations for EC, pH, δ2H,  δ18O, 87Sr/86Sr, Sr and Ca 
for mixing space of one, two and three dimensions (PCA on all parameters).  
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Fig. 6. Plots of residuals against concentrations for Na, Cl, K,  HCO3

-, SO4
2- and Mg for 

mixing space of one, two and three dimensions (PCA on all parameters).  
 



  

    

  

       

          

    

                                               
 
Fig.  7. Bivariate solute plots of groundwater chemistry 
 
 
 



          

               

                 

                   

               

                                                             
 
 
 
 
Fig.  7. Bivariate solute plots of groundwater chemistry (continued) 
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Fig. 8. Plots of residuals against concentrations for the selected conservative tracers for 
mixing space of one, two and three dimensions.  
 



    
               

 

 

  

 
 
 
Fig. 9. Mixing diagrams of EC, Cl, Sr and Na vs δ2H,  δ18O, 
 



   
 
 
Fig. 10. Plots illustrating the chemical and isotopic signatures of potential end-members 
 



 

 
 

 
 
Fig. 11. U-space mixing diagrams associated for (a) PCA on all samples (b) PCA on samples 
excluding the endmembers 
 
 



 
 
Fig. 12. Distribution of contributions of the three possible end-members to water 
samples. The geological units and other features are as explained in Fig. 1. Samples 8, 16 and 
27 are representatives for end-members showing the effect of  saline, fresh groundwater and 
effect evaporation.  
 



  

  

 
 
Fig. 13. Comparison of estimated and observed values of (a) EC, (b) Sr, (c) Na, (d) Cl, (e) 
δ2H and (f)  δ18O. 
 
 
 
 
 



 
 
Fig. 14. 87Sr/86Sr isotope ratios versus Sr for water samples from the study area 
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Abstract 13 
 14 
Groundwater resources with high salinity content are found in large parts of the lower Shire 15 

valley, Malawi. This paper discusses the hydrochemistry of minor elements with regards to the 16 

prevailing salinity. Elevated concentrations of lead (Pb), boron (B), strontium (Sr) and 17 

chromium (Cr) are associated with high salinity groundwater, which affects their speciation 18 

and thereby mobility in the groundwater. Strontium, barium (Ba) and lithium (Li) occur 19 

mainly as free aqueous ions whereas hydrolysed species were significant for aluminium (Al) 20 

and Cr, and carbonate complexes for Pb. Chloride complexes are prevalent for silver (Ag). 21 

The increased levels of Pb in the groundwater interacting with saline groundwater are due to 22 

complexation with the inorganic ligands (Cl-, HCO3
-) readily available in saline groundwater. 23 

Solubility of cerrusite (PbCO3) and barite (BaSO4) controls the levels of Pb and Ba, 24 

respectively. Due to high sulphate content in saline waters, Ba concentrations are very low. A 25 

relatively variable B concentration in the groundwater samples was explained using a binary 26 

mixing model of saline and fresh groundwater. Mixing of fresh groundwater with saline 27 

groundwater is concomitant with cation exchange (leading to enrichment of Na) and 28 

desorption of boron. The WHO drinking water guidelines for Ba, B, Cr and Pb were exceeded 29 

in 6.5, 9.7, 16.1 and 64.5%of all the samples, respectively.  30 

 31 

Key words: Minor elements; groundwater salinity; groundwater quality; chemical speciation; 32 

HCA;  PCA; lower Shire valley; Malawi.  33 
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1. Introduction 1 

Groundwater resources are pivotal to the domestic water supply system in rural areas. In the 2 

lower Shire Valley, the presence of saline groundwater in some areas is a major groundwater 3 

quality problem (Davis, 1969; Lockwood Survey Corporation, 1970; Bradford, 1973; Bath, 4 

1980; Monjerezi et al., 2011a). Wells delivering saline water are usually abandoned by 5 

communities. They subsequently resort to water holes dug out in dry river beds, or surface 6 

water resources wherever available. However, saline groundwater resources are used for 7 

domestic purposes such as cooking and in areas where alternative sources are not readily 8 

available, the water is used for drinking purposes (Bath, 1980), especially around primary 9 

schools.  10 

 11 

Adequate knowledge of spatial distribution of fresh and saline groundwater and understanding 12 

of the processes that determine spatial variations of salinity is necessary for locating and 13 

sustaining usable groundwater resources. In previous studies, the major hydro-geochemical 14 

processes governing the spatial variation of water quality in the study area have been assessed 15 

by considering major ion and isotopic data (δ18O, δ2H and 87Sr/86Sr) (Monjerezi et al., 2011a 16 

and 2011b). However, the presence and levels of minor elements have so far not been given 17 

attention. Some minor elements are potentially toxic and when found in concentrations 18 

exceeding drinking water guidelines, long term intake may cause health problems.  High 19 

salinity is known to influence the content and hydro-geochemistry of minor elements in 20 

groundwater by providing high concentration of inorganic ligands (OH-, Cl-, SO4
2-, HCO3

- 21 

and CO3
2-) for complexation with the cations. Complexation lowers the activity of the “free” 22 

aqueous ions in groundwater, thereby increasing dissolution and desorption of trace elements 23 

(e.g. complexation of Hg2+ (Grassi and Netti, 2000) and Cd2+ (van Loon and Duffy, 2005) 24 

with Cl-). In addition, mixing between saline and fresh groundwater affects the desorption-25 

adsorption processes for boron (Rowe, 1999; Ravenscroft and McArthur, 2004; Mather and 26 

Porteous, 2001; Pennisi et al., 2006).  27 

 28 

In this context, the present paper presents the levels of minor elements in the groundwater 29 

resources from the upper district of Chikhwawa, lower Shire valley. More importantly, it 30 



3 

 

evaluates the hydro-geochemical processes that control the content of potentially toxic minor 1 

elements in the groundwater. Special emphasis is put forward to explain the hydro-2 

geochemistry of the potentially toxic minor elements in relation to the prevailing saline 3 

groundwater, which could be helpful for proper management of the non-saline aquifer as a 4 

sustainable source of safe drinking water in the study area. 5 

 6 

2. Materials and methods 7 

2.1 Study area 8 

Malawi is situated in South East Africa (Fig. 1) and lies within the western branch of the East 9 

African Rift system. The study area (upper district of Chikhwawa) is situated in the lower 10 

Shire valley, in the southernmost part of the Malawi section of the rift. The Shire River, the 11 

biggest river in Malawi, runs through the valley accounting for the outflow from Lake Malawi 12 

to Zambezi River. The valley flow flanking the River Shire is of low slope and relief, ranging 13 

from 50 m to 76 m above sea level (Hutcheson, 1971)..  14 

 15 

The major geology units of the lower Shire Valley are presented in Fig. 1 (Habgood, 1963; 16 

Bloomfield et al., 1966; Carter and Bennet, 1973; Morel, 1989; Castaing, 1991; Chapola and 17 

Kaphwiyo, 1992). The valley floor is a piedmont plain consisting of a large amount of 18 

unconsolidated sediments. The hydrogeology of the area has been reported upon by Bradford 19 

(1973). The main aquifer units, in order of increasing importance as groundwater resources, 20 

are (1) the weathered and/or fractured basement rocks, (2) Karoo and Cretaceous sedimentary 21 

rocks, (3) weathered basalts and (4) the unconsolidated alluvial deposits. In general, 22 

piezometric contours indicate a regime of groundwater flow towards the central axis of the 23 

valley i.e. towards Shire River (Bradford, 1973).  24 

 25 

2.2. Water sampling and analytical methods 26 

The water samples considered in this study were collected during the dry season in June 2009. 27 

They were taken from shallow boreholes and hand dug wells used for rural water supply and 28 

rivers (see Fig. 1), applying standard sampling procedures (APHA, 2005; ISO 5667-11:1993). 29 

The shallow boreholes were typically to depths between 20 and 55 m, whilst the hand dug 30 
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wells were less than 10 m deep. All samples were analysed for the main chemical descriptors 1 

(TDS, pH, Na+, Ca2+, Mg2+, K+, HCO3
-, CO3

2-, Cl-, SO4
2-, Sr, B, Cu, Zn, Cd, Pb, Li, Cr, Al, 2 

Ba, Ag) using standard methods. Temperature, pH (ISO 10523-1:1994) and total dissolved 3 

solids (TDS) were measured in the field using a pH-EC-TDS meter (HI-9812, Hanna 4 

Instruments Limited). The rest of the parameters were determined at the Department of 5 

Chemistry, University of Oslo, Norway. Anions were determined on filtered unacidied 6 

samples, whereas cations were determined on samples that had been filtered and acidified to 7 

pH 2 (with HNO3). Total concentrations of Na, Ca, Mg, K, Sr, B, Cu, Zn, Cd, Pb, Li, Cr, Al, 8 

Ba and Ag were obtained using ICP-OES (Vista AX CCD, Varian Ltd). The limits of 9 

detection (LOD) for the trace elements were 0.0003, 0.003, 0.096, 0.008, 0.023, 0.004, 0.013, 10 

0.035, 0.115 and 0.099 mg/L for Ba, Li, B, Cd, Al, Cu, Cr, Pb and Zn, respectively. Amounts 11 

of CO3
2- and HCO3

- were determined using acid titration (APHA, 2005). Ion chromatography 12 

(DIONEX 2000) was used to establish the amounts of sulphates and chlorides.  13 

 14 

The geochemical modelling program PHREEQC v2.16 (Parkhurst and Appelo, 1999), 15 

implemented with MINTEQ.v4 database (Allison et al., 1991) was used to calculate saturation 16 

indices (SI) with respect to mineral phases. The same program was utilised to speciate minor 17 

elements (Table 2) by taking into account the most abundant inorganic ligands in water (OH-, 18 

Cl-, SO4
2-, HCO3

- and CO3
2-) in order to check if the impact of the presence of saline water on 19 

the contents of traces elements. The chemical variation in all the groundwater samples was 20 

analyzed using Hierarchical Cluster Analysis (HCA), by employing R statistical software (R 21 

Development Core Team, 2009). The data for most chemical parameters (in mg/L) are highly 22 

positively skewed (Table 1), thus prior to the multivariate analyses parameters were log-23 

transformed (except pH, Pb, Ag, Li and HCO3
-; Table 1) and standardized (all parameters) by 24 

subtracting the mean value and dividing by the standard deviation of the parameter. The HCA 25 

was performed using a combination of Ward’s linkage method (Ward, 1963), adopting the 26 

Euclidean distances as a measure of dissimilarity. FactoMineR package (Husson et al., 2009) 27 

was used for PCA in R, with EC and TDS as quantitative supplementary variables and the 28 

clusters from HCA as categorical supplementary variables.  29 

 30 
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3.0 Results  1 

3.1 Major components and hydro-geochemical characteristics 2 

A summary of the chemistry data of water samples is presented in Table 1. According to 3 

preceding studies by Monjerezi et al (2011a and 2011b), which used a larger dataset of major 4 

ions, the total content of dissolved solids (TDS) in groundwater increases gradually as it flows 5 

towards Shire River. Important exceptions are distinct areas of brackish groundwater (see EC 6 

distribution in Fig. 2), which coincide with the deeply faulted Karoo sedimentary rocks 7 

(Lengwe basin (conf. Figs. 1 and 2)) and Cretaceous sandstones. The water samples with low 8 

salinity are dominated by Ca2+, Mg2+ and HCO3
-, whereas saline samples are dominated by 9 

Na+, Cl- and SO4
2- (Monjerezi et al., 2011a). The chemical composition of groundwater also 10 

varies from the elevated rock outcrop areas towards the low lying areas in the middle of the 11 

valley. Generally, relatively low salinity alkaline earths-HCO3 type groundwater prevails in 12 

the bedrock outcrop areas on the eastern bank and parts of the west bank of Shire River. The 13 

intermediate saline sodium bicarbonate to relatively high salinity sodium chloride 14 

groundwater predominates towards the valley centre. The water samples with relatively high 15 

EC are prevalent near Shire River (and/or marshes) and in the drift associated with Cretaceous 16 

Lupata sandstones as well as close to the deeply faulted Karoo sedimentary sequence (Fig. 2; 17 

Monjerezi et al., 2011a).  18 

 19 

3.2 Concentrations of minor elements and their speciation 20 

Strontium concentrations in groundwater ranged from 1.07 to 9.0 mg/L, whereas surface water 21 

samples had Sr concentrations of 0.95 and 1.24 mg/L (Table 1). Boron (B) concentrations of 22 

up to 0.733 mg L-1 (average: 0.30 mg/L) were obtained. Concentrations of lithium (Li) (range: 23 

148 to 229 µg/L), silver (Ag) (range: 16.7 to 73.3 µg/L), barium (Ba) (range: 1.8 to 1822 24 

µg/L), chromium (Cr) (range: 36 to 103 µg/L), lead (Pb) (range: 70 to 1073 µg/L) and 25 

aluminium (Al) (range: 28.2 to 403.5 µg L-1) showed a wide spatial variation throughout the 26 

study area (Table 1). Concentrations of zinc, copper and cadmium were below the limit of 27 

detection (0.099, 0.004 and 0.008 mg/L for Zn, Cu and Cd, respectively). World Health 28 

Organisation (WHO) guidelines for drinking water (WHO, 2004) for Ba (0.7 mg/L), B (0.5 29 
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mg/L), Cr (0.05 mg/L) and Pb (0.01 mg/L), were exceeded in 6.5, 9.7, 16.1 and 64.5% of the 1 

studied samples, respectively.   2 

 3 

Dissolved Ba and Sr exist mainly as free aqueous ions (Ba2+ (96%) and Sr2+ (89%), 4 

respectively). However, complexes of BaHCO3
+ (4%), SrHCO3

+ (7%) and SrSO4
0 (3%) also 5 

exist in significant amount (Table 2). Dissolved boron is entirely in the form of boric acid 6 

(H3BO3: 99%), with a small amount being protolyzed in the most alkaline samples 7 

(pKa=9.24) (H2BO3
-: 1%). Silver ions are mainly complexed to chloride as AgCl (42%) and 8 

AgCl2
- (53%). With pH ranging from 6.4 to 8.1, hydrolysed species constitute practically all 9 

(99%) of the Al and Cr in solution (Table 2). Dissolved Al exists mainly (98%) as aluminates 10 

(Al(OH)4
-) while Cr mainly as Cr(OH)2

+ (88%) and Cr(OH)2+ (8%). Carbonate complexes are 11 

important for the speciation of Pb. The predominant species of Pb in the water samples are 12 

PbCO3
0 (51%) and PbHCO3

+ (25%). There is also an appreciable fraction of aqueous Pb2+ 13 

ions (7%) and a small representation of PbCl+ (2%).  14 

 15 

3.3. Multivariate Statistical Analysis 16 

3.3.1 Hierarchical cluster analysis 17 

Hierarchical Cluster Analysis (HCA) provided an unbiased empirical approach for grouping of 18 

the water samples based on their chemical composition (major and minor ions). As a result of 19 

the hierarchical cluster analysis, samples could be grouped into seven clusters (Fig. 3a). The 20 

number of clusters was chosen based on the minimum number of clusters that explain most of 21 

the variation in hydro-geochemical properties of the groundwater samples. The first cluster 22 

(C1) comprises the low TDS surface water (from Shire River, TDS = 127 mg/L). Fresh 23 

groundwater samples were classified into clusters C2 (average TDS = 699 mg/L) and C3 24 

(average TDS = 717 mg/L). The major ion composition of these samples is dominated by 25 

sodium (with high magnesium content) and bicarbonate and they have similar level of 26 

mineralisation (Fig. 3b and Fig. 4). Groundwater samples in clusters C4 (average TDS = 1705 27 

mg/L) and C5 (average TDS = 1996 mg/L) also have comparable ionic content (Fig. 3b) and 28 

intermediate salinity (Fig. 4). Their major ion composition is dominated by sodium and 29 

chloride (Fig. 3b and Fig. 4). However, C4 samples also have high magnesium content 30 
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whereas C5 samples also have high calcium content (Fig. 3b and Fig. 4). These samples are 1 

also mainly distributed in areas which are in proximity of the saline zones (Fig. 2). Samples in 2 

clusters C6 (average TDS = 3538 mg/L) and C7 (average TDS = 4786 mg/L) have relatively 3 

high salinity and an average chemical composition of the Na-Cl type (Fig. 3b and Fig. 4). 4 

However C6 samples have the highest sulphate and the lowest calcium content (Fig. 3b and 5 

Fig. 4).  6 

 7 

The box plots presented in Fig. 5 show the distribution of concentrations of the minor 8 

elements within the seven clusters. In general, median concentrations of Sr, B, Pb and Cr are 9 

high in samples with relatively high salinity (clusters C6 and C7). Ag is high in cluster C2 and 10 

C5, whereas Li does not show significant variation among the clusters (Fig. 5). The median 11 

concentration of Ba is high in samples from clusters C3-C5 and low in clusters C6 and C7. 12 

The samples in clusters C3-C5 have low sulphate content whereas the sulphate content in 13 

samples from the clusters C6 and C7 is relatively high (Fig. 4).  14 

 15 

3.3.2 Principal component analysis 16 

Principal Component Analysis (PCA) provided an approach for correlating chemical 17 

parameters and linking them to the individual samples. FactoMineR’s methods return 18 

principal coordinates for both quantitative and categorical variables (Lê et al., 2008). In this 19 

study, the chemical parameters and clusters (from HCA) were used as quantitative and 20 

categorical variables, respectively. The cluster with a coordinate significantly greater than zero 21 

for a particular PC means that the cluster is well described by that PC (Lê et al., 2008). The 22 

results of the PCA are summarised in Figs 6 and 7. Three principal components (PCs) were 23 

extracted (eigenvalues ≥ 1; Kaiser, 1958), accounting for 66% of the total variance. The first 24 

two PCs explain most (54%) of the total variance in the dataset and are plotted against each 25 

other in Fig. 6. Salinity (TDS/EC) and the chemical parameters Na+, Cl-, Mg2+, SO4
2- and Sr2+ 26 

have strong positive coordinates along the first principal component (PC1). Moderate positive 27 

coordinates are observed for Pb, B, K+, HCO3
- and Ca2+ whereas negative coordinates were 28 

found for pH, Ba and weakly for Ag (Figs 6b and 7a). The sample scores along PC1 are 29 

typically high for samples with relatively high salinity, clustered in clusters C7 and cluster C6 30 
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(Figs. 6a and 7b). The samples with intermediate salinity in C4 and C5 show low positive 1 

coordinates, whereas the low TDS clusters C1-C3 have strongly negative scores (Fig. 7b).  2 

 3 

Principal component 2 (PC2) explained 15% of the total variance and had positive coordinates 4 

for Li, Ag, K+, Ca and pH, and negative coordinates for SO4
2-, HCO3

-, Na+ and Mg2+ (Fig. 5 

7a)The sample scores along PC2 are typically high for samples clustered in clusters C1 and C5 6 

(Fig. 7b). Samples in C2 and C7 show low positive coordinates, whereas samples in clusters 7 

C3, C4 and C6 have negative scores (Fig. 7b).  PC3 explained 12.7% of the total variance, 8 

with moderately strong positive coordinates for pH, HCO3
-, B, Ag and SO4

2-, and negative 9 

coordinates for Ca, Ba and Sr (Fig. 7a). There are also weak positive coordinates for Na and 10 

K+ and weak negative coordinates for Mg2+ and Cr. This PC has characteristically positive 11 

scores for C6 (Fig. 7b).   12 

 13 

4.0 Discussion 14 

The first principal component (PC1) governs approximately 40% of the main variation in the 15 

dataset. The major solutes that have high coordinates along PC1 are dominant solutes in 16 

brackish and saline water (e.g. Na+, Cl- and SO4
2-; Fig. 6b and 7a). PC1 also has high positive 17 

coordinates for salinity (EC/TDS) and it is associated with samples with high salinity (clusters 18 

C6 and C7). The major ion composition of PC1 is characteristic for samples that are 19 

influenced by dissolution of evaporates and evaporation (Monjerezi et al., 2011a). Therefore, 20 

PC1 can be used to account for the effect of the prevalence of saline groundwater on minor 21 

element geochemistry. The minor elements that are associated with positive coordinates of 22 

PC1 are Pb, B and Sr, whereas Ba has negative coordinates.  23 

 24 

Total Pb concentrations are strongly positively correlated to TDS (Fig. 8). However, variance 25 

of the major Pb species with TDS is different across species. PbCO3
0 and Pb2+ have the lowest 26 

correlations whereas PbHCO3
+ and PbCl+ are well correlated with TDS (Fig. 9). In addition, 27 

there are two distinct patterns for variation of PbCl+ with TDS. The relatively high salinity 28 

samples (C7) have a steeper slope than the rest of the samples (Fig. 9d). These samples also 29 

have relatively high chloride content (Fig. 4). High values of PbHCO3
+ are also associated 30 
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with C7 samples (Fig. 9), which are also associated with relatively low pH values (Fig. 4). On 1 

the other hand, relatively high values of PbCO3
0 are associated with samples in cluster C6 2 

(Fig. 9a) which is also associated with relatively high HCO3
- content (Fig. 4). Calculation of 3 

saturation index (SI) of cerrusite shows that cerrusite (PbCO3) solubility governs the 4 

concentrations of Pb concentrations in the groundwater. The solubility product of cerrusite can 5 

be expressed in a logarithm form as: 6 

 7 

[ ] [ ] pHHCOPb
K

KCerrusite ++= −+
3

2

2

logloglog     (1) 8 

where K2  is the second dissociation constant for the carbonate system and the solubility 9 

product of cerrusite (KCerrusite) is 10-13.13 (MINTEQ.v4 database; Allison et al., 1991). The 10 

relationship between the activities of Pb2+ and HCO3
- is explored in Fig. 10a, with equation 1 11 

plotted within the pH range (minimum and maximum pH; see Table 1) of the groundwater 12 

samples. The data points are evidently bounded by the two lines, corroborating cerrusite 13 

solubility and carbonate system control and hence effect of pH. The cerrusite saturation index, 14 

plotted as a function of TDS in Fig. 10b, shows that the cerrusite solubility control is more 15 

significant for high salinity samples and all samples can be considered to exhibit equilibrium 16 

or supersaturation with cerrusite. The relatively high levels of total concentration of Pb in the 17 

samples with relatively high salinity (clusters C6 and C7) can therefore be attributed to 18 

complexation with Cl- and influence of pH. Complexation lowers the activity of the “free” 19 

aqueous ion in water, thereby increasing the solubility of minerals (Appelo and Postma, 2005). 20 

 21 

In groundwater, elevated levels of B result from pollution, evaporative concentration (Gupta, 22 

1993), dissolution of evaporates (Hem, 1985), the presence of residual seawater, mineral 23 

weathering such as in volcanic provinces (Uhlman, 1991; Vengosh et al., 1994) and influence 24 

of hydrothermal systems (Hem, 1985). Groundwater acquires Sr during recharge and along its 25 

flow path as it interacts with Sr-bearing minerals, such as evaporites associated with saline 26 

environments, carbonates and with clay minerals through adsorption and ion exchange 27 

reactions, accompanying calcium (Morgan-Jones and Eggboro, 1981). Fig. 11 shows a 28 

decrease in B/Cl (mass), Sr/Cl (mass) and Na/Cl (molar) ratios with increasing Cl- 29 
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concentrations for the low salinity samples, whereas the ratio is constant for the relatively high 1 

salinity samples (C6 and C7). In the lowest salinity group, the groundwater has high Na/Cl 2 

molar ratios of up to 7.46. The high Na/Cl ratios in the fresh groundwater inform the influence 3 

of rock-water reactions such as weathering of feldspars or cation-exchange reactions in which 4 

Ca2+ gradually replaces Na+ on the exchanger. The relatively low salinity groundwater 5 

samples (from the study area) have been reported to be governed by weathering of silicate 6 

minerals (Monjerezi et al., 2011a). The relatively high salinity samples (clusters C6 and C7) 7 

have Na/Cl molar ratios that straddle across unity, consistent with the halite dissolution 8 

mechanism (Fig. 11c). The steady decreasing trend in B/Cl, Sr/Cl and Na/Cl ratios for the 9 

intermediate TDS groundwater is attributable to mixing with high salinity groundwater.  10 

 11 

As regards Ba, concentrations are relatively low in the samples with relatively high TDS, 12 

clustered in C6 and C7 (Fig. 5). These samples are also associated with high sulphate content 13 

(Fig. 4). Ba also has negative coordinates along PC1 (Fig. 7a). The results of both the HCA 14 

and PCA therefore show an association of high Ba levels with low levels of SO4
2-. This is 15 

corroborated by the fact that the groundwater samples were mostly saturated, close to 16 

saturation or in equilibrium with respect to barite (BaSO4), indicating a possible barite 17 

solubility control (Fig. 12). The discussion above indicates that the variations in salinity 18 

(TDS/EC) account for most of the variations in total levels of Pb, B, Sr and Ba. The 19 

association of these minor elements with the dominant solutes in brackish/saline in 20 

groundwater may be attributed to a common source (i.e. associated with evaporites) and/or 21 

influence of inorganic ligands available in brackish/saline groundwater (Taher, 1999; Sadiq 22 

and Alam, 1997) on solubility of their compounds. 23 

 24 

The second principal component (PC2) is associated with samples in clusters C1 and C5. 25 

Cluster C1 contains a surface water sample and the C5 contains samples collected from 26 

shallow hand dug well. Mostly these samples are located close to the Shire indicating long 27 

flow paths. This PC may therefore be related to effects of rock-water interaction along flow 28 

paths or the effect of evaporation from shallow depths. In PC3, there are positive coordinates 29 

for pH, HCO3
-, B, Na, Ag, K+ and SO4

2- and negative coordinates for Ca, Ba, Sr and Mg (Fig. 30 
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7a). This PC has characteristically positive scores for C6 (Fig. 7b) and implies that for these 1 

samples an increase in B, Na, HCO3
- and SO4

2- is related to a decrease in Ca, Ba, Sr and Mg. 2 

The obvious mechanism for this observation is cation-exchange reactions involving the 3 

depletion of the alkali earth elements and enrichment of the alkali elements. 4 

 5 

Boric acid concentrations in groundwater are known to be governed by adsorption–desorption 6 

processes on clay minerals (Goldberg et al., 1993). Furthermore, cation exchange resulting in 7 

depletion of Ca2+ and enrichment of Na+ is expected to be accompanied by boron enrichment 8 

in the flushing groundwater (Ravenscroft and McArthur, 2004). A binary mixing model was 9 

used to constrain the causes of B enrichment in the groundwater from the study area (c.f. 10 

Ravenscroft and McArthur, 2004). The sample with highest TDS was selected as the saline 11 

groundwater end-member (Sample 8) and the sample with the lowest TDS as the fresh 12 

groundwater end-member (Sample 19). Other possible low TDS end-members include sample 13 

16 (Monjerezi et al., 2011b), sample 1 (Fig. 6a) and sample 27 (Fig. 6a; Monjerezi et al., 14 

2011b). PCA sample score plots (e.g. Fig. 6a) are used in identifying end-members and 15 

relevant mixing ratios in multivariate mixing and mass balance (M3) (Laaksoharju et al., 16 

2008; 1999a, 1999b) and end member mixing analysis (EMMA) calculations (Christophersen 17 

et al., 1990; Hooper et al, 1990; Christophersen and Hooper, 1992; Liu et al., 2004). It can be 18 

seen in Fig. 6a, that a combination of samples 8, 27 and 1 forms a triangle enclosure for most 19 

of the samples. The positions of the possible end-member representatives are show in Fig. 13, 20 

which shows plots of Na+ and Ca2+ versus Cl- concentrations for the groundwater samples. 21 

These plots show corresponding excess Na+ and depleted Ca2+ concentrations (relative to 22 

those expected for the two end-member mixing model, depicted by the dashed line), for most 23 

of the samples, indicative of cation exchange. Some samples, especially those in cluster C6, 24 

show excess B in association with the corresponding excess Na+ and depleted Ca2+ 25 

concentrations, consistent with PC3. These elevated B concentrations are therefore consistent 26 

with desorption from clays concomitant with the freshwater flushing process (Rowe, 1999; 27 

Ravenscroft and McArthur, 2004; Mather and Porteous, 2001); Pennisi et al., 2006). The 28 

aquifer matrix sediments appear therefore to be the major source of B in the groundwater.  29 

 30 
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5.0 Conclusions 1 

Prevalence of saline groundwater in areas of the lower Shire valley affects the levels and 2 

speciation of minor elements in the groundwater. The results presented in this paper suggest 3 

that salinity has clear effect on levels of Pb, B and Sr. WHO drinking water guidelines for 4 

barium, boron, chromium and lead, were exceeded in 6.5, 9.7, 16.1 and 64.5% of the samples, 5 

respectively. Speciation calculations show that Sr2+, Ba2+ and Li+ were mainly in the form of 6 

free aqueous ions, whereas Al and Cr existed predominantly as hydrolysed species. Carbonate 7 

complexes dominate the speciation of Pb, while chloride complexes are prevalent for Ag. 8 

Interaction with inorganic ligands from groundwater with relatively high salinity and effect of 9 

pH was found to contribute to relatively high levels of Pb in groundwater interacting with the 10 

saline groundwater. Mixing of fresh groundwater with saline groundwater is concomitant with 11 

cation exchange and desorption of boron from clays.  12 
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Table 1. Summary of EC, TDS, pH, major ions and selected minor elements in 

groundwater samples from the study area.  

Parameter Mean Median Minimum Maximum Standard deviation Skewness 
Temp (oC) 28.9 29.4 23.5 30.5 1.7 -2.2 

EC (μS/cm) 4334.0 2828.5 254.0 15540.0 3686.9 1.3 
TDS (mg/L) 2209.0 1416.5 127.0 7770.0 1851.8 1.2 
pH 7.1 7.1 6.4 8.1 0.4 0.9 
Sr (mg/L) 3.0 2.0 1.0 9.0 2.2 1.3 
Ca (mg/L) 74.3 48.5 9.9 309.8 67.1 1.8 
Na (mg/L) 542.7 265.2 20.2 3050.0 667.8 2.4 
Cl (mg/L) 863.7 492.0 8.2 4718.8 1114.2 2.1 
B (μg/L) 297.6 246.9 115.0 733.0 157.8 1.2 
Li (μg/L) 212.8 215.6 148.4 229.1 14.7 -2.9 
K (mg/L) 3.3 2.0 0.4 13.8 3.5 1.9 
HCO3

- (mg/L) 604.2 585.8 143.2 1313.6 265.7 0.9 
SO4

2- (mg/L) 222.1 117.8 1.6 985.3 286.4 1.6 
Mg (mg/L) 100.3 64.1 5.9 410.4 89.1 1.8 
Ag (μg/L) 42.5 42.9 16.7 73.3 18.1 0.0 
Al (μg/L) 69.7 41.0 28.2 403.5 93.1 3.5 
Ba (μg/L) 299.0 166.0 1.8 1821.8 439.8 2.6 
Cr (μg/L) 58.7 52.3 36.3 103.3 21.7 1.3 
Pb (μg/L) 476.2 456.3 70.1 1072.6 301.2 0.3 
 



Table 2. Principal aqueous chemical forms predicted by PHREEQC (Parkhurst and Appelo, 
1999) using MINTEQ.V4.dat database (Allison et al., 1991). The values (%) are median 
proportions calculated from the proportions of each sample.  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Trace Element Principal aqueous forms 

Al Al(OH)4
- (98%); Al(OH)3

0 (1%); Al(OH)2
+ (<1%) 

Ag AgCl0 (42%); AgCl2
- (53%); Ag+ (2%) 

B H3BO3
0 (99%); H2BO3

- (1%) 

Ba Ba2+(96%); BaHCO3
+ (4%) 

Cr Cr(OH)2
+ (88%); Cr(OH)2+ (8%); Cr(OH)3

0 (3%); CrOHSO4
0 (1%) 

Li Li+ (100%) 

Pb PbCO3
0 (51%); PbHCO3

+ (25%); Pb2+ (7%); PbCl+ (2%);  

Pb(CO3)2
2- (1.8%); PbOH+ (1.2%); PbSO4

0 (1%) 

Sr Sr2+ (89%); SrHCO3
+ (7%); SrSO4

0 (3%) 



 

 

  

 

Fig. 1 Map of the study area showing location, geology and sample locations. Inset 
shows location of the study area in Malawi (Africa) 

 



 

 

 

Fig. 2 Spatial distribution of EC (µS/cm) in the study area, based on a larger dataset 
(Monjerezi et al., 2011a). Surface map was created using Inverse Distance Weighted 
(IDW) method in ArcGIS 9.2. The geological units and other features are as explained in 
Fig. 1.  



 

 

 

Fig. 3 (a) A dendrogram showing classification into seven clusters (C1-C7; counting 
from left). (b) Average composition of the seven clusters.  

 

 

 

 



 

            

      

      

 

Fig. 4 Boxplots showing the distribution of major ions, EC and pH within the selected seven 
clusters  

 



         

      

     

Fig. 5 Boxplots showing the distribution of trace elements within the selected seven clusters  

 



 

 

Fig. 6. Results of PCA showing the first two principal components plotted against each other. 
Individuals (observations) graph (a) and variables (chemical parameters) graph (b). Samples 
are grouped according to their HCA clusters (see Fig. 2 for explanation). 

 



 

 

 

Fig. 7. Results of PCA showing the coordinates along the three principal components for (a) 
chemical parameters and (b) clusters from the hierarchical cluster analysis. 

 

 



 

Fig. 8. Correlation of total Pb levels with salinity (TDS). The dashed line is a trend line for 
all samples.  

 



    

      

Fig. 9. Correlations of levels of dominant species of Pb with salinity (TDS). The dashed line 
is a trend line for all samples for (a) to (c). In (d) the undashed line is a trend line for C7 
samples and the dashed line is a trend line for the rest of the samples.  

 



 

 

 

Fig. 10 (a) Log-activity of Pb2+ versus log-activity of HCO3
-. (b) Saturation index for 

cerrusite versus TDS. 

 

 



 

 

 

Fig. 11. Plots of (a) mass ratio of B/Cl, (b) mass ratio of Sr/Cl and (c) molar ratio of Na/Cl 
versus Cl concentration (mg/L).  



 

Fig. 12 Log-activity of Ba2+ versus log-activity of SO4
2-. The line indicates solubility 

equilibrium with barite 

 



 

 

 

Fig. 13. Plots of concentrations of (a) Na, (b) Ca and (c) B versus Cl concentration. The 
dashed line represents binary conservative mixing between saline and fresh groundwater.  
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